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TTTT.F. OF THE rNVFNTTON 

IMPROVEh/fENTS IN ATOM OR GROUP TRANSFER 
RADICAL POLYMERIZATION 

B ACtCGROUND OF THE fNVHNTTON 

Field of the Invention 

The present invention relates to improvements in the choice of transition metal, 
ligands, counlerions and initiators in the atom or group transfer radical polymerization 
process, and new polymeric products produced thereby. 

Discussion of the Background 

Living polymerization systems have been developed which allow for the control of 
molecular weight, end group functionality, and architecture. [Webster, O. Science, 1991. 2/7 
887] Most notably, these systems involve ionic polymerization. As these polymerization 
systems are ionic in nature, the reaction conditions required to successfully carry out the 
polymerization include the complete exclusion of water from the reaction medium. Another 
problem with ionic living polymerizations is that one is restricted in the number of monomers 
which can be successfully polymerized. Also, due to the high chcmosclcctivity of the 
propagating ionic centers, it is very difficult if not impossible, to obtain random copolymers 
of two or more monomers; block copolymers are generally formed. 

Radical polymerization is one of the most widely used methods for preparing high 
polymer from a wide range of vinyl monomers. Although radical polymerization of vinyl 
monomers is very effective, it docs not allow for the direct control of molecular weight (DP„ 

A[Monomer] / [Initiatorjo). control of chain end functionalities or for the control of the 
chain architecture, e.g., linear vs. branched or graft polymers. In the past five years, much 
interest has been focused on developing a polymerization system which is radical in nature 
but at the same lime allows for the high degree of control found in the ionic living systems. 

A polymerization system has been previously disclosed that does provide for the 
control of molecular weight, end groups, and chain architecture, and that was radical in 
nature. (Matyjaszewski, K.; Wang. J.-S. Macromolccules 1995, 28, 7901; Matyjaszewski. 
K.; Panen, T.; Xia, J.; Abemathy, T. Science 1996, 272 866; US Patent Applications-Serial 
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Numbers: 08/414,4 1 5; 08/559,309; 08/677.828) the contents, of vyhich arc hereby 
incorporated by reference. This process has been termed atom transfer radical 
polymerization. ATRP. ATRP employs the reversible activation and deactivation of a 
compound containing a radically transferable atom or group to form a propagating radical (R-) 
by a redox reaction between the radical and a transidon metal complex (M,***') with a radically 
transferable group (X). Scheme 1. 

Scheme 1 

R-X + MjVLigand 



Controlled polymerization is initiated by use, or fonmation, of a molecule containing a 
radically transferable atom or group. Previous work had concentrated on the use of an alkyl 
halide adjacent to a group which can stabilize the formed radical. Other initiators may 
contain inorganic/pseudo halogen groups which can also panicipate in atom transfer, such as 
nitrogen, oxygen, phosphorous, sulfur, tin, etc. 

The most imponant aspect of the reaction oudtned in Scheme 1 is the establishment of 
an equilibrium between the active radicals and the dormant species. R-X (dormant polymer 
chains = P„-X). Understanding and controlling the balance of this equilibrium is ver>' 
iniportant in controlling the radical polymerization. If the equilibrium is shifted too far 
towards the dormant species, then there would be no polymerization. However, if the 
equilibrium is shifted too far towards the active radical, too many radicals are formed 
resulting in undesirable bimolccular termination between radicals. This would result in a 
polymerization that is not controlled. An example of this type of iaeversible redox initiation 
is the use of peroxides in the presence of iron (II). By obtaining an equilibrium which 
maintains a low, but nearly constant concentration of radicals, bimolecular termination 



ka 

^ R*.+ X-Mi"'" /Lieand 
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between growing radicals can be suppressed, one obtains high polymer,. , . 

Using copper as an example of the iransiiion mecal that participates in the redox cycle, 
the rate of polymerization has been shown to obey the following rate law: 

Ro - (kp)(^)[M][R- X] (1) 

When kp = rate constant of propagation; k,^ « equilibrium constant; [M],[R-X]. 
[M"][M,'^'-X] are the respective concentrations of monomer, initiator, transition metal 
compound and oxidized transition metal compound. 

ATKP involves the use of low valent metal salts, M", e.g., copper (I), iron (II), etc.. 
which can homolytically absuract an atom or group, X, from a functionalized compound lo 
initiate the polymerization, as shown above in Scheme 1 . Deactivation of the growing 
polymer chain by reaction with the now higher oxidation state metal. Mi"*' - X, reverts the 
metal back to its lower oxidation state and an oligomer with the X group at the chain end. 
This process repeats itself, re-iniuating the polymer chain to begin propagation again. After 
numerous repetitions, high polymer can be obtained with DP„ = A[M] / [!]□ and M,,./ M„ < 
1.5. 

Previously, pure metals have been employed to prepare ill-dcfincd polymers. Otsu 
has reported the use of nickel (0) in a "living" polymerization, but the resulting polymer had 
very broad polydispersities, M„./ M„ > 2. [Otsu, T.; Tazaki. T.; Yohioka. M. Chemistry 
Express 199Q, 5(10). 801] in fact, the resulting polymer had a bimodal distribution upon 
examination of the size exclusion chromatograms, indicadng that this was not aconiroUed or 
"living" polymerization. This failure to obtain a controlled polymerization is most likely due 
to the slow deactivation of the propagating radical. It can also be attributed to nickel favoring 
the +2 oxidation state versus the +1 oxidation state. As such, nickel (0) would initiate the 
polymerization by formation of a radical and nickel (I). The nickel (I) would then 
preferentially react with an alkyl halide to form nickel (II) and a second radical. The back 
reaction to nickel (0) from nickel (1), or from nickel (11) to nickel (I), would not be favored. 
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resulting in an uncontrolled radical polymerization. Additionally, as a side reaction, the 
radical may be reduced to an anion by nickel (I), fomiing nickel (II). 

Others have reported the use of zero valeni metals to initiate polymerization of vinyl 
metals, also without controlling the polymerization.[Bamford, C. H.; Duncan, F. J.; Reynolds. 
R.,J. W.; Seddon, J. D. 1 Polym. ScL Part C 1968, 2J, 419; Otsu, T.; Tazaki, T.; Yoshioka. 
M. Chemistry Express 1990, 5(10), 801; Otsu, T.; Aoki, S.; Nishimur*!, M.; Yamaguchi, M.: 
Kusuki. Y. J. Polym. Sci. Polym, le/rerj 1967, J, 835; Otsu, T.; Yamaguchi. M.; 
Takemura, Y.; Kusuki, Y.; Aoki, A. 7. Polym. ScL. Polynt Letters 1967, 5, 697] 

Recendy, it was reported that iron metal was successfully used catalyticaily in the 
addition of carbon tetrachloride or chloroform to alkcncs.[Bcllcsia, F.; Ford, L.; Ghclfi, F.; 
Pagnoni, U. Synthetic Communications 1997, 27(6), 961; Forti. L.; Ghelfi, F.; Lancellotti, M. 
L.; Pagnoni. U. M. Synthetic Communications 1996, 26(9), 1699] Similar systems have been 
employed to prepare low molar mass polvhalogenated organic moIecules.[Decker. D. L^; 
Moore, C; Tousignant. W. G., US 3,862.978. 1975; Kondakov, S. E.: Smimov, V. V. Kinet. 
Catal, 1995, 36(3), 315] The mechanism was the same as that in atom transfer radical 
addition: only monoadducts or low molar mass organic molecules were prepared by insenion 
of the alkene in one of the carbon halogen bonds of carbon tetrachloride (or chloroform). 

SUMMARY OF THK T>fVFNTTON 

Accordingly, one object of the present invention is to provide new metal catalysts and 
systems for use in atom transfer radical polymerization. 

A further object of the present invention is to provide new ligands and coumerions 
associated with the metal for use in controlling atom transfer radical polymerization reactions. 

Another object of the present invention is to provide new materials that could not be 
previously prepared conveniently using other polymerization methods that are now readily 
available through ATRP. 

A further object of the present invention is to provide new ways in which to control 
ATRP reactions. 

Another object of the present invention is to provide a method for coupling molecules 
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using atom transfer radical addition using the metal systcnas of the present invention in a non- 
polymerization reaction. 

Another object of the present invention is to provide methods for modifying the chain 
ends of functional ized polymers to change their functionaiiiy. using the ATRP technology 
and other chemistries. 

These and other objects of the present invention have been satisfied by the disco verj' 
of a wide range of new metals and metal combinadons. as well as defining roles of 
countcrions and iigands for use in ATRP reactions and methods for their use in preparing not 
only polymers but also lower molecular weight compounds formed by coupling of two low 
molecular weight radicals. 

BRIFF OFSCRTTTION OF TH E FIGURES 
A more complete appreciation of the invention and many of the attendant advantages 
thereof will be readily obtained as the same becomes bcncr understood by reference to the 
following detailed description when considered in connection with the accompanying 
drawings, wherein: 

Fig. 1 is a graphical representation of the solubilit>' of Cu using different Iigands in 
two different monomers. 

Fig, 2 is a graph from a differential scanning calorimetry measurement on the 
crosslinked material of Example 236. 

Fig. 3 is a graph of shear modulus vs. temperature of the crosslinked material of 
Example 237. 

Fig. 4 is a mass spectrum of the product of Example 245. 
Fig. 5 is a mass spectrum of the product of Example 246. 
Fig, 6 is a mass spectrum of the product of Example 247. 
Fig. 7 is a mass spectrum of the product of Example 248. 
Fig. 8 is a mass spectrum of the product of Example 249. 

Figs, 9 and 10 are two different types of mass spectra of the product of Example 295. 
Figs, 1 1 and 12 are mass spectra of the bromine and hydrogen terminated products of 
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Example 298, respectively. 

DRTAfr.FD Df-S C RIP TION O F THE PRRFF.RRRD FMBODIMFNTiS 
The present invention relates to the "controlled" polymerization of radically 

(co)polymcri2ablc monomers by atom or group transfer radical polymerization using various 

initiators, transition metals, transition metal compounds and combinations thereof, and 

various ligands and counterions for the transition metal component. The conventional ATRP 

process as developed by the present inventors comprises: 

polymerizing one or more radically (co)polynierizable monomers in the presence of a 

system initially comprising: 

an initiator having one or more radically transferable atoms or groups, 

a transition metal compound that participates in a reversible redox cycle with the 

initiator, a domiant polymer chain end, a growing polymer chain end or a mixture thereof: 

and 

one or more 0-, or S- containing ligands which coordinate in a o-bond or a xc- 
bond to the transition metal, or any C containing compound which can coordinate in a 7t- 
bond to the transition metal, 

to form a (co)polymer. 

In the present invention, it has been found that the use of a zero valcnt transition metal 
(M,**) either in place of the transition metal compound or in addition to the transition metal 
compound provides surprising improvements in reaction rate, control or both. A funher 
embodiment of the present invention provides improvements by using mixed transition metal 
compound systems in which one of the transition metals is in a higher of two available 
oxidation states and the other is in a lower of two available oxidation states, wherein the two 
metals are different. The present inventors have discovered new ligands and counterions for 
the transition metal and have defined the critical role they play in controlling the 
polymerization reaction of different monomers, providing rate enhancement, providing 
control over the initiation, propagation and copolymcrization of different monomers, as well 
as solubility to the transition metal compound in the polymerization reaction, even in bulk 
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polymerizations. These new embodiments of the ATRP process provide the ability to 
generate new and interesting types of polymers, such as gradient copolymers, bottle-brush 
copolymers, graft copolymers and block or graft copolymers in any (co)monomer sequence 
wherein the blocks or grafts may be made of monomers that may/may not copolymerizc with 
the other monomers contained within the polymer. This cari be achieved by the present 
process through manipulation of the reactivity of the growing polymer chain end as well as 
by use of transitional monomers or groups. The "living" nature of the present process 
provides the ability to make these polymers. 

The monomers useful in the present polymerization processes can be any radically 
(co)polymcrizablc monomers. Within the context of the present invention, the phrase 
"radically (co)polymerizable monomer" indicates that the monomer can be either 
homopolymerized by radical polymerization or can be radically copolymerized v^ith another 
monomer, even though the monomer in question carmot itself be radically homopolymerized. 
Such monomers typically include any ethylenically unsaturated monomer, including but not 
limited to, styrenes, acrylates, methacrylatcs. acrylamides, acrylonitrilcs, isobutylenc, dienes, 
vinyl acetate, N-cyclohexyl maleimide, 2-hy droxy ethyl acrylates, 2-hydrojcyethyl 
methacrylates, and fiuoro-containing vinyl monomers. These monomers can optionally be 
substituted by any substiment that does not interfere with the polymerization process, such as 
alkyl, alkoxy, arj'l, heteroaryl, benzyl, vinyl, allvL hydroxy, epoxy, amide, ethers, esters, 
ketones, maleimides. succinimides. sulfoxides, glycidyl or silyl. 

The process provided in the present invention allows for the production of a vast 
range of polymer products having highly controlled molecular weight distribution and highly 
controlled functionality, both along the chain as well as at termini of the polymer chains. 
Polymers prepared from the present process can have essentially all of the head groups 
identical and essentially all of the tail groups identical, something not possible in 
conventional radical polymerizations. Further, due to the range of functionality that is 
tolerant of radical processes, it is possible to prepare functionalized compounds and polymers 
that can be used further in ionic or other non-radical processes to further modify the 
compounds or polymers. 
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The improvements in the ATRP process provided by the present invention include 
improvements in the robust nature of the process, such as the ability to conduct the process in 
unpurified monomers or in the presence of air. The ATRP chemistry is found to be useful not 
only in polymerization but also in coupling of molecules of any size, by generation and 
coupling of the appropriate radicals. Additionally, the ATRP chemistry acts to remove O, 
from the system to generate an O, free reaction medium. Due to the controlled ability to 
generate the radicals by removal of a radically transferable atom or group, the present 
invention provides efficient methods for preparation of a wide variety of compounds, from 
small organic molecules to oligomers to polymers. Additionally, the present processes 
provide the ability to manipulate the termini of polymers due to the presence of the radically 
transferable atom or group on the terminus after ATRP polymerization. This permits 
substitution of the radically trzmsferablc atom or group by hydride (using hydride transfer 
agents), other functional groups and end-capping groups. 

In the context of the present invention, the term "controlled" refers to the ability to 
produce a product having one or more properties which are reasonably close to their predicted 
value (presuming a particular initiator efficiency). For example, if one assumes 100% 
initiator efficiency, the molar ratio of initiator to monomer leads to a particular predicted 
molecular weight. The polymerization is said to be "controlled" if the resulting number 
average molecular weight (Mn(act)) is reasonably close to the predicted number average 
molecular weight (M„(theory)); e.g.. within an order of magnitude, preferably within a factor 
of four, more preferably within a factor of three and most preferably within a factor of two 
(i.e., Mn(act) is in the range of from (O.l) x M„(theory) to 10 x Mn( theory), preferably from 
(0.25) X M„(theory) to 4 x Ma(theory). more preferably from (0.5) x M„(theory) to 2 
Ma(theory), and most preferably from (0.8) x M„(theoTy) to 1.2 x Ma(theory)). One exception 
is the polymerization of AB* monomers (vide infra) and each monomer is an initiator. 

Similarly, one can "control" the polydispcrsity by ensuring that the rate of 
deactivation is the same or greater than the initial rate of propagation or by adding additional 
initiator throughout the polymerization. Additionally, the efficiency of iniuaior can be 
controlled by rate of additional catalyst/initiator components. The term "redox conjugate" 
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refers to the corresponding oxidized or reduced form of the transition metal catalyst. 
New Transition Metal Sv!7tems 

Iron rrn x . 

ATRP can be extended to a wide range of other metal systems, thereby fully 
demonstrating the versatility of this approach to obtain "living" radical polymerization 
systems. Using iron (II) salts in conjunction with one or more ligands. results in the synthesis 
of polymers with controlled molecular weight and polydispersities which are narrower (M^. / 
M. < 1) than those obtained by conventional free radical polymerization. These catalysts are 
nearly colorless, adding to their potential usefulness, since they can be left in the final 
polymer product without the side effect of undesirable coloring of the polymer. 

Manganese fin 

Manganese (II) CK complexed with either 2. 2' - bipyridine (hpy) or 2.2*-bipyridine 
with other ligands, can be used to polymerize styrene. methyl acryiate, or methyl 
methacrylate. In all cases, the molecular weights are in agreement with those predicted by 
DP„ = A[Monomer] / [Initiator]o. but the polydispersities are higher than those obtained using 
either copper (I) or iron (II) salts, M,^ / M„ > 1 .5. Consistent with previous work by the 
present inventors comparing the effectiveness of the catalysts when homogenous or 
heterogeneous, the homogeneous catalysts [4.4-di(5-nonyl)-2.2'-bipyridine (dNbpy)] gave 
better results. 

Referring back to Scheme 1 . these results indicate that the rate of activation (k^) is fast 
enough to allow for polymerization, and that the rale of deactivation (kj) is fast enough for 
the degree of polymerization to be defined by DP - AfMonomer] / [Initiator],. However, kj 
is not fast enough to yield polymers with very narrow M^./ M„, as has been seen with copper 
(I) based catalyst systems, i.e., kd(copper) > kd(chromium). Although the polydispersities of 
the polymers prepared by this catalyst are somewhat higher than those obtained by copper or 
iron, the rates arc much faster. With this metal one may sacrifice narrow polydispersities for 
faster rates, and still obtain polymers with predefined molecular weights, controlled topology 
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and known functionality ac the initiating site and growing polymer chain cnd(s). 
Chromium HH 

When chromium (II) chloride is used, molecular weights and polydispersitics are both 
higher than what would be expected in ATRP (a "living" polymerization). In fact, with the 
counter ions and ligands used to date, the results are consistent with those that would be 
obtained by a simple redox reaction (kp» k^). 

Mixed Metal Systems 

The use of mixed metal systems can provide additional control to the ATRP process, 
by augmenting the cataKtic reactivity of a first transition metal compound in the presence of 
a second and different transition metal compound. In the present invention mixed metal 
systems can be prepared from any two or more of the transition metals conventionally used 
for ATRP. However, certain mbced metal systems have been found by the present inventors 
to provide surprising control improvements in the ATRP process. These cornbinations 
include, but are not limited to» those where the first and second transition metals are selected 
from the group consisting of copper, iron, manganese, chromium, nickel, silver, palladium, 
platinum, rhenium, iridium, indium, ruthenium, samarium, zinc and rhodium. In these mixed 
metal systems, the first and second transition metals can both be Uansition metal compounds 
in which one metal is in a higher of at least two available oxidation states and the second 
metal is in a lower of two available oxidation states. Alternatively, one of the transition 
metals may be present as the metal in its zero oxidation state, such as Fe". As a further 
embodiment, there may be two iransidon metal compounds wherein the transition metals are 
selected as noted above, and a third transition metal in its zero oxidadon state. These mixed 
metal combinations provide advantages in one or more of polydispersity control, 
polymerization rate control, initiadon rate control, etc. The choice of ligands and/or 
coimterions on the transition metal compounds should be made to satisfy the following 
relationship in order to provide improvements in polydispersity: kd( transition metal in lower 
oxidation state) < k^^Ctransition metal in higher oxidation state). This is the case since M^. / 
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Ma = I +[I]akp / [D]kd. at compkcc conversion, where (I] = the initiator. [D] = the deactivator 
(M("''). Within the context of the present invention, when describing the oxidation state of a 
transition metal, the phrase "higher oxidation state" refers to a higher of at least two available 
oxidation states for that particular raetal and the phrase "lower oxidation state" refers to a 
lower of at least two available oxidation states for the particular metal. Examples of these 
mixed metal systems are described below. 

MnCl,/CrCl , 

To show the effect of mixed metal systems which do not meet the above criteria, 
MnCln was used as the lower oxidation state transition metal, while CrClj was used for the 
transition metal in the higher oxidation state. As noted above, if kd(Mn(III)) < kd(Cr(III)). 
then addition of CrClj to the reactior\ mixture would result in a lower M^./ M„.. However, if 
lCd(Mn(Iin^ > kd(Cr(in)). then there would be no effect of adding CrCl, to the reaction 
mixture. As there was no noticeable effect of added Cr(III) on the polydispcrsides of the 
final polymers it was concluded that kd(Mn(III)) > kd(Cr(III)). Although chromium did not 
work under these conditions, by changing the ligands, one may be able to shift the reduction 
potential of the chromium metal, so that the reduction of Cr(III) to Cr(II) becomes more 
favorable, thereby making the deactivation reaction more facile. 

MnCIj / CuCl, 

Copper (II) can be added as excess redox conjugate to die polymerization of radically 
{co)polymeri2able monomers, such as styrene, methyl aery late, and methyl methacrylate, by 
ATRP using MnCK / dNbpy. In these polymerizations, there is a marked decrease in the 
polydispcrsities of the final polymers, compared to using MnCU alone. This leads to the 
conclusion that kd(Cu(II)) > k(i([vln(ni)). Rates are comparable to using MnCU alone. 

Use of Zero Valent Metals for the Controlled Polymerization of Alkenes 

Iron powder (Fe*) alone has been demonstrated as an ATRP catalyst by 
polymerization of styrene in the presence of various ligands. When the polymerization is 
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conducted ia the presence of DMF (which can also act as a solvent), tributylaminc, or 
triphenylphosphine. low molecuiar weight polymers are obtained with narrow 
polydispersitics, indicating that the reaction between (Fe") and thealkyl halide initiates the 
polymerization. 

A similar set of reactions can be performed using copper powder (Cu") in the 
presence of appropriate ligands. In these cases, well defined polymers with molecular 
weights that increase with conversion are obtained for the polymerization of radically 
(co)polymerizable monomers, such .as styrene, methyl acrylate and methyl methacryiate. In 
many examples, 2, 2 - bipyridine (bpy) or 4, 4' - di(5 - nonyl) - 2, 2' -bipyridine (dNbpy) has 
been used as the ligands, although I, I, 4, 7, 10, 10 - hcxamethyltriethylcnctetraminc has 
been successfully used, demonstrating that other ligands can be used in the ATRP 
poiymerization of vinyl monomers. 

These polymerizations are quite fast. For the potymerization of styrene with copper 
powder / 1, 1, 4, 7, 10. 10 - hexamethyltriethylenetetramine. the polymerization reaches 
complete conversion in two hours and the final polymer has M„ = 12,500 (M^,he,^. = 10,400) 
and M^/ = 1 .38. It should be noted that in these examples, the use of copper powder 
results in a heterogeneous catalytic system. The reaction solutions become colored as the 
polymerization progresses indicating that some copper species is solublized in the reaction 
medium. Since solid copper powder is also observed, one can realize that only a fraction of 
the actual copper added is needed for the polymerization to be successful with comparable 
rates. While the present inventors do not wish to be bound to any panicular mechanism of 
operation, one proposed mechanism is the traiasfer of an electron to form the radical anion of 
the initiator, and copper (I) at the surface of the copper (0). The radical anion, dissociates into 
the halogen anion and the radical; the copper (I) is complexed with the ligand and taken into 
solution. The reaction can then proceed as a normal ATRP reaction. Some initiator is lost at 
the beginning of the reaction as there is initially no deactivator present to prevent termination 
of the formed radicals. 

The polymerization rates of conventional ATRP polymerizations can be significantly 
increased by adding the zero valent metal to the general ATRP polymerization. For example. 
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when iron or copper powder is added to ATRP reactions using iron (II) dibromide or copper 
(I) bromide, resp)ective!y as the transition metal compounds, the rates are found to be 
extremely fast, A prime example of this is the polymerization of methyl acrylate with copper 
(I) bromide / copper powder / dNbpy. The polymerization is initiated by methyl 2 - 
bromopropionate and after ninety minutes at 90°C, is found to reach 64% conversion, = 
55,900 (M^u^ocy = 54,900) and MJ M„ = 1.18. The molar ratios of the reagents were MA : 
Initiator : Cu(I) : Cu(0) : dl^py = 1000 : 1: 2 : 2.7 : 4. Only a small fraction of the copper 
powder is needed to enhance the rate of polymerization. In fact, polyraerizadons conducted 
with 10% of copper powder/dNbpy relative to initiator are found to be as fast as those 
polymerizations when only soluble copper (I) / dNbpy catalysts (in a 1: 1 ratio with initiator) 
are used. This demonstrates a new method to increase the rate of polymerization by ATRP 
while at the same time reducing the amount of catalyst required in the polymerization system. 

Similar rate enhancements are observed in the addition of iron powder to iron (II) .* 
bpy polymerizations (alternatively, iron (III) can be used in place of the iron (II)). When the 
ATRP of styrene is conducted using iron (II) bromide without additional ligand, in the 
presence of 10% (v/v) of DMF, the reaction is very slow(22h, conversion = 29%). with only 
low molecular weight oligomers being prepared (M„ = 1.200; M,^/ M„ = 1 ,44). When iron 
powder is added to a similar reaction mixture, the polymerization yields well defined 
polystyrene (17h, conversion = 86%, M„ = 9,860. M„^^^. = 9.100; M,,/ M„ - 1.22). 

While not wanting to be bound to any panicular mechanism of action, it is believed 
that excess metal that is in the higher oxidation state, i.e., copper (II), iron (III), is reduced by 
reaction with the zero valent metal. The proposed mechanism is outlined in Scheme 3. In the 
case of copper, only one equivalent of copper (0) is needed to reduce copper (II) to copper (I). 
Also, when the copper (11) is reduced, additional copper (I) is generated which can 
additionally activate polymer chains by the reaction outlined in Scheme 1. Since the 
polymerization is also successful when M," is the only metal used, the direct reaction of the 
initiator and the copper metal must also occur. However, it is believed that this reaction is a 
minor contribution in comparison to the reaction between the initiator and Mt". 
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\ / 
Scheme 3. Mechanism for consumption of higher oxidation state metal by zero valent metal. 

In the case of iron, it is proposed that the resulting iron (I) complex further reduces a 
second equivalent of iron (III) to form iron (II). Thus, iron (0) is a more efficient scavenger 
of high oxidation state metals in comparison to copper (0). The enhanced rate of 
polymerization is a consequence of a lower concentration of higher oxidation state rnetal 
(M,"*') which results in the formation of a higher concentration of radicals and subsequently, 
a faster rate of polymerization in accordance with equation ( I ). 

To demonstrate the validity of the above mechanism, i.e. the reduction of the higher 
oxidation state metal by zero valent metal. ATRP was performed using only the higher 
oxidation state metal and the zero valent metal in the presence of a suitable ATRP initiator, 
i.e., 1 - phenylcthyl bromide, methyl 2 - bromopropionate, etc. This proves to be an 
extremely efficient catalyst system as demonstrated in the examples below. Such examples 
include the polymerization of styrcne using cither iron (III) tribromide / iron powder (7h, 
conversion = 55%, M„ = 5 J80. = 5.940; / M, = 1 .13). copper (I) bromide / 

copper (0) (3h. conversion = 92%, M„ = 1 0,000, K, = 9,700; / M„ « 1 .09). Similar 
results are obtained with methyl acrylate using copper (II) bromide / copper (0) (1.7h, 
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conversion = 67%. M„ = 1 1,400. M^,hcgo- " ^ 1,700; M,,/ M„ = 1.10) and methyl methacrvlatc 
with iron (III) tribromide / iron powder (1 8h, conversion = 75%, = 75,100. M^tbcj^ = 
75.000; M«./M„= 1.24). 

Thus^ zero valent metals can be used alone to obtain well defined polymers from vinyl 
monomers. Additionally, varied amounts of zero vaient metals in the presence of 
conventional ATRP catalyst systems, or with higher oxidation state metals, has been found to 
enhance the rate of polymerization and still yields well defined polymers. 

An additional benefit of using zero valent metals is that they can be used to generate 
the lower (active) oxidation state metal catalyst in situ by using a combination of the higher 
oxidation state metal halidc, the ligand, and the zero valent metal. All three of these 
components can be varied to control the rate of formation of the lower oxidation state metal, 
i.e., the rate of the redox reaction between Mj"*' and M", the rate of activation of the initiator. 
k„ and/or the rate of deactivation of the radical center, (specifically. the rate of reduction of 
the higher o.xidation state transition metal can be affected by temperature, the shape and/or 
surface area of the zero vaient metal, and rate/efficency of mixing). All of these factors can 
be used to control the molecular weight, molecular weight distribution, rate of 
polymerization, and in some cases, the topology of die final polymer. 

Use of zero valent metals also allows for the preparation of well-defined polymerj; 
without taking steps to purify the monomer prior to polymerization. Generally, for controlled 
radical polymerization, all inhibitor and/or oxygen must be removed, otherwise termination 
of the active radicals will occur, resulting in too high a concentration of deactivator, i.e.. 
Mj""'. This translates into a ver\' slow polymerization: i.e.. the polymerization apparently 
does not occur. With the addition of zero valent metals, the excess deactivator is scavenged 
and returned to its active state. So long as the amount of inhibitor and/or oxygen in the 
polymerization medium is lower in concentration than the available metal zero, a 
controtIcd/"living" polymerization will be obtained. 

In ATRP systems where the concentration of the initiator is very high, the initial 
radical concentration can be high, resulting in tcnninauon and a build-up of the deactivator. 
This situation has been observed in the polymerization of AB* monomers, where A is a 
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polymcrizable vinyl bond and B* is a functional group containing a radically transferable 
atom or group. For some AB* monomers, it was not possible to lower the catalyst 
concentration below 1%. otherwise the polymerization would not proceed due to the build-up 
of deactivator. By adding a zero valent metal, the deactivator concentration is lowered, thus 
allowing for the reducdon in the amount of catalyst needed for successfial polymerization. . 
Additionally, by varying the surface area of the zero valent metal (powder versus turning), it 
is possible to adjust the rate of reacuon between the deactivator and the zero valent metal, 
and thus control the amount of deactivator present in the polymerization medium. This 
enables one to conu-ol the topology of the final polymer (vide infra). 

If the concentration of deacdvator is kept to very low levels, then deactivation does 
not occur, but termination between two radicals does. If termination is predominately by 
coupling, then numerous synthenc possibilities arc available. If coupling occurs between 
polymer chains, each with just one active center, the molecular weight of the polymer chain 
is doubled. If each polymer chain has two active sites, chain extension can occur, as in a 
condensation polymerizauon. With continued improvement in catalyst performance, this 
new type of atom transfer condensation polymerization could lead to novel polymer 
compositions. If the number of active sites is greater than two, crosslinkcd materials can be 
obtained. This is especially useful for solventless coatings where lelechelic polymers mixed 
with varied amounts of multifunctional (having an average of >2 radically transferable atoms 
or groups) components in the presence of zero valent metals, and heated to yield a 
crosslinked coaling. A similar type of crosslinking carried out to form bulk materials with 
low Tg matrices would lead to elastomeric materials with a controlled network of crosslinks. 
Such materials would have a controllable % elongation, dependent on the molecular weight 
of the telcchelic matrix polymer, and high tensile strength because many crosslinks would be 
stressed. Alternatively, the mulufuncuonal components can be used alone, without the 
presence of telechelic polymers, to form the solventless coaUng. 

Additionally, polymer chains can be capped with functional groups by introduction of 
small molecules containing both the desired fiincrional group and a radically transferable 
atom or group. Although a combination of products will be obtained (coupling can occur 
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between two small molecules, two polymer chains, and between a small molecule and 
polymer chain (the desired reaction)), the amount of coupling between polymer chains alone 
should be minor due to the faster rates of termination of small molecules with polymeric 
radicals and with each other. The products of termination between small molecules can then 
be simply removed by precipitation of the polymer. 

The removal of the halogen atom at a chain end can be accomplished by using cither 
Mt" in at least a stoichiometric amount, or, more conveniently, by using a catalytic amount of 
Mj" /ligand and at least a stoichiometric amount of M °. The coupling reactions with small 
molecules is one method, as are the reaction of the resulting radicals with hydride transfer 
agents such as thiols, tin hydrides, silyl hydrides, etc. The halogens can be replaced by 
reaction of the radical chain end (or small molecule, oligomer) with stable free radical 
deactivators, i.e.. TEMPO. TEMPO, and other nitroxides. can and have been used to 
preferentially trap the radicals, resulting in the preparation of alkoxy amines. Alkoxy amines 
can themselves be used as initiators in controlled radical polymerizations; the use of 
macromolecular alkoxy amines results in the formation of block and/or graft copolymers, 
[Solomon, D. H.: Rizzardo, E; Cacioli, P. US Patent 4.581,429 1985; Hawker, .C. J. J. Amer. 
Chem. Sac. 1994, ]J6, 11314; Hawker, C. J.; Barclay, G. G.; Orcllana, A.; Dao. J.; 
Devonport, W. Macromolecides 3 996, 2P, 5245] 

These synthetic possibilities are possible only if the concentration of the deactivator is 
kept low. This is generally not possible in controlled radical reactions since termination leads 
to a build up of deactivator. However, this problem has been overcome by the use of zero 
valent metals to scavenge the deactivator. 

It is now possible to make less stable M " species in situ from higher oxidation state 
species, i.e., M,*^. Such M,*""" species arc generally cheaper and oxidaiivcly more stable. As 
an example, copper (1) trifluoro methane sulfonate (triflate) is quite difficult to isolate and 
handle (requiring the complete exclusion of oxygen, i.e., use of a glovebox, Schlcnk 
techniques, etc.) due to oxidative instability. By using the much more stable copper (II) 
di triflate, the catalyst precursor can be handled in air and only becomes unstable when 
reduced to the copper (I) species. This reduction can occur by various means such as the 
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application of an electric current, use of a reductive metal, i.e.. copper, iron. zinc. etc. bv 
electron transfer with an organic or inorganic reagent, etc. 

Ligands/Counterions 
Copper (1)X 

Some suitable ligands for ATRP with copper (I) catalysts include bi- or tri-dentate 
pyridine based ligands. and linear, aliphatic, multidentate, amine ligands. These latter ligands 
are readily available and are much cheaper than the bipyridines previously demonstrated. 
Suitable preferred amine ligands include: N, N, N*, N', N" - pentamethyldiethyienetri amine 
(PMDETA). 1.1,4, 7. 10. 10 - hexamethyl trie thy lenctetraminc (HMTETA), and 
tetramethvlethylenediamine (TMEDA). When styrene is polymerized using these ligands. 
only TMEDA yields a homogeneous catalyst system. When the catalyst is heterogeneous it 
is present as a fine precipitate which may aid in the removal of the catalyst at the end of the 
polymerization. An insoluble catalyst is obtained for the pol>Tncrization of MMA only when 
PMDETA was used. Homogeneous catalyst systems are obtained for methyl aery late using 
all three of the linear amines. Using these linear amine ligands, good control of molecular 
weight can be obtained with narrow polydispersities. In addition to the use of linear amines, 
branched multidentate ligands can be used. This was demonstrated by use of tris(2- 
(dimcthylamino)ethyl)amine has successfully polymerized st^'rene, methyl acrylate and 
methyl methacrylate. In fact, the rate of polymerization is greatly enhanced for the 
polymerization of methyl acrylate when this ligand was used. 

The cyclic ligand. 1. 4. 8, 1 1 - tetramethyl - 1, 4. 8, 1 1 - tetraazacyclotetradecane. can 
also be used in the present process. Due to its strong coordination to the metal center, this 
ligand prevents the monomer/solvent from displacing the ligand and lowering the activity of 
the catalyst. 

8 - Hydroxyquinoline can also be used as a ligand / counter ion. It was thought that 
this ligand might displace the halogen atom to form Cu-O-quinoline. It was found that only 
one equivalent of bpy is needed for the polymerization to proceed instead of the normal two 
equivalents. Polymerizations of radically (co)polymerizable monomers, such as styrene, 
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methyl acrylaie, and methyl methacrylate, with this ligand. give polymers with low 
polydispersities, M,,. / <I.j. and with good agreement between observed molecular weight 
and that predicted by theory. 

Ir on fin X 2 

Simple monodentate ligands, such as tri(n - butyl)phosphine, tri(n - butyl)amine, and 
tri(n - octyl)aminc can be used in conjunction with an iron (II) salt to obtain well defined 
polymers, such as polystyrene and poly(methyl methacrylate). For the polymerization of 
styrene, polymers wiUi controlled molecular weight and polydispcrsity are panicularly 
obtained when either tri(n - butyi)amine or tri(n - octyl)amine are used alone or as a mixed 
ligand system with 4, 4' - di(5 - nonyl) - 2, 2' - bipyridine. dNbpy. The best results are 
obtained when dNbpy and tri(n -butyl)amine are used together. In the polymerization of 
styrene, when the iron (II) / tri(n-ociYi)amine catalyst is used with a small amount of 
tetrabutylammonium bromide added, results comparable to those obtained with copper (I) / 
dNbpy are obtained. Tliis advancement is significant as the iron (II) and trialkyl ligands are 
quite inexpensive compared the the copper (I)/dNbpy combination. 

Monodentate phosphine ligands can also be successfully used with iron (II) to obtain 
controlled polymerization, although the polydispcrsicies are higher than those obtained with 
the amines. Low polydispersities can be obtained when the phosphine ligands are used in 
conjunction with dNbpy. 

By correctly selecting the ligand. it is possible to adjust its solubility in the reaction 
medium. For example, by using ligands with aaached alkyl groups the resulting catalyst can 
be rendered soluble in organic solvents. Similarly by attaching fluorinated alkyl groups on 
the ligand, the catalyst will become soluble in CO,. Hydrophillic groups on the ligand 
render tlie catalyst soluble in water. In fact, due to the polar nature of the transition 
metal/ligand complex, the catalyst itself is generally found to be soluble in water. By 
exchanging the ligand on the catalyst after the reaction, it is possible to separate the catalyst 
and the polymer into two different phases. For example, at the end of a polymerization using 
ATRP, where the catalyst contains a hydrophobic ligand, i.e., dNbpy, treating the reaction 
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mixture with an aqueous solution containing a ligand that renders the catalyst complex water 
soluble (e.g. bpy), results in a dynamic exchange of the two types of ligand. As the catalyst 
becomes water soluble, it moves into the water phase and is then removed by separation of 
the water and organic phase. A catalyst with fluorinated groups (or containing polysiloxane 
groups) can similarly be extracted using liquid or supercritical CO,. 

The catalyst and the polymer can also be separated if the reaction solvent is chosen so 
that the polymer is not soluble under certain conditions, i.e., lower temperatures, but the 
catalyst remains soluble. This phenomenon is exemplified by polymerization of butyl 
acrylate in ethylene carbonate. Poly(butyl acrylate) is not soluble in ethylene carbonate at 
room temperature, but is at the higher rcacuon temperatures, generally greater than 50^*0. 
When the polymerization is completed, the reaction mixture is cooled to room temperature at 
which point the poly(butyI acrylate) precipitates out of solution: the catalyst remains in the 
ethylene carbonate/residual monomer soluuon. 

Precipitation of the catalyst from the reaction mixture can also be used to remove the 
metal species. This is performed by treating a reaction mixture vAih an aqueous solution of a 
salt having an anionic component which binds more strongly to the transition metal than the 
coimtcr ion used in the ATRP reaction, but which results in a transition metal complex that is 
not soluble in either the aqueous or organic phases, and thus precipitates. This has been 
demonstrated using a coppcr(I) catalyst with treatment using aqueous solutions of either 
sodium hydroxide or sodium sulfide. 

Electron withdrawiniz or donating groups on the ligands can also affect the redox 
reaction between metal and the initiator. Electron donaung groups stabilize, and favor the 
formation of the higher oxidation state species (k, is increased). Conversely, electron 
withdrawing groups stabilize the lower oxidation state species, favoring the dormant species 
(higher kd). 

Effect of Catalyst on the Polymerization of AB* Monomers 

In 1952, Flory [Flory, P. J. J. Am, Chem. Soc. 1952, 7V 2718] proposed that the 
polymerization of AB* monomers would lead to branched, but not crosslinked (network). 
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Structures. This proposal was first applied in the step-growth synthesis of 
polyphenylenes.[Webster, O. W,; Kim, Y. KJ. Am. Chem, Sac. 1990, JJ2 4592; Webster, 
O. W.; Kim, Y. H. Macromolecules 1992, 25(2 i), 5561] Subsequently, it was extended to 
other step - growth polymerizations such as aromatic(Frechet, J. M J.; Hawker, C. J.; Lee, R. 

Am. Chem. Soc. 1991, 7 /J 4583] and aliphatic[Hult, A,; Malmstrom, E.; Johansson. M. 
J, Polym. ScL Polym. Chem. £^1 1993, i/ 619] esters. stloxanes,[Mathias, L. J.; Carothers. 
T.W.J. Am. Chem. 5'oc.I991, /7i 4043] and ainines.[Suzuki, M.; Li. A.; Sacgusa, T. 
Macromolecules 1992. 25 7071] Frechet ct a/,[Frechet, J. M. J.; Henmi, M.; Gitsov, L; 
Aoshima, S.; Leduc, M.; Grubbs, R, B. Science 1995. 269 1 080] later developed the concept 
of self condensing vinyl polymerizadon (SCVP) to prepare hyperbranched polymers by 
carbocationic systems. Shonly afterwards, SCVP was adapted to the radical polymerization 
of functionalized st^Tcnes by Hawker et ^/.[Hawker. C: J,; Frcchet, J. M, J.; Grubbs, R. B.: 
Dao, J. y. Amer. Chem. Soc 1995, !J7 10763] and by Gaynor, et al.[Gaynor, S. G.; 
Edclman, S. Z.: Matyjaszewski. K. Macromolecules 1996, 29, 1079 and U.S. Patent 
Application Serial No. 08/677,8'i28]. In the present invention, the ATRP process can be used 
to prepare hypcrbrsuiched polymers such as hyperbranched acrylates. 

To depict the monomers for SCVP. the designation AB* will be used instead of the 
conventional AB,. The double bond is described by A, while B** is a functional group that 
can be transformed to an active center to initiate the polymerization of the double bonds. The 
B* group can be mmsformed to a cacionic, radical or anionic active center. The activated B** 
adds across the double bond A to form the dimer. Scheme 4 shows the idealized case of one 
addition of monomer followed by deactivation to form the new group A*. The dimer, 2, can 
now be reactivated at either B* or A*. Addidon of monomer at A* results in 3a, while 
addition at B* yields 3b. Further addition of monomer, or /i-mer. to either 3a or 3b, can 
result in a polymer that is branched. 
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Scheme 4 
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For AB* monomers to be used in ATRP, they must contain a radically transferable 
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group capable of interacting by atom or group transfer in a redox reaction with the transition 
metal. In a general description, the monomer can be depicted as A-(R)„-B*. wherein the 
double bond (A) is directly attached to the B* group (n = 0) or is separated from the B* group 
by a spacer, R (n=l). Currently, the types of monomers that can be polymerized by ATRP, 
and consequently the type of A group, include any radically (co)poiymeri2able monomer 
having a C=C double bond, such as styrencs, acrylatcs, and mcthacrylaics. The B* group can 
be any group having one or more radically transferable atoms or groups, such as halides or 
pscudohalides. These include species such as 2-halopropibnyloxy, 2-haloisobutyryloxy. a- 
halonitriles, sulfonyl halides or a benzyl halide group. The versatility of this approach is 
enhanced by the wide variety of R groups that can be inserted between the double bond. A, 
and the functional group, B*. By changing the various groups. A, R or B*, a wide variety of 
monomers / materials can be developed. 

In the synthesis of hyperbranched polymers using the ATRP process, the 
concentration of the transition metal conjugate must be at a level in which there is fast 
deactivation of the propagating radical, but not so high that the reaction is essentially 
stopped. This is related to the equation defining the rate of polymerization. It will be noted 
that the rate of polymerization is proportional to [M,"]. [M] and [R-X]. but inversely 
proportional to [M,""']. Due to the concentration of the initiator group (R-X - B*) being so 
high in AB* polymerization (bulk), the concentration of radicals is higher than that found for 
conventional ATRP. 

This higher initiator concentration leads to an increase in bimolecular termination, R, 
= kt[R']-, which thus leads to an increase in the transition metal conjugate concentration. In 
the catalyst system that uses dNbpy. the Cu(II) species remains in solution and therefore a 
decrease in the rate is observed. In fact, the end result is a polymerization that is so slow that 
it appears that there is no polymerization, except at higher temperatures. When bpy is used, 
the concentration of Cu(II) in solution is very low, as the Cu(n) species precipitated out of 
solution. This lower concentration of Cu(II) results in slow deactivation (kj) of the 
propagating center, and a decrease in the amotmt of branching in the polymer chain. The 
decrease in degree of branching with decreasing temperature for the bpy systems is the result 
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of a greater ratio of kp[M] to kd(M,"''] with decreasing temperature. Also, the molecular 
weight decreases with increasing temperature, supporting this theory as chain length is 
proportional to Rp / Rj (with the lower [Cu(II)], the rate of deactivation is lower, thus the 
formation of longer linear segments). 

By adjustment of the alkyl chain in the 4, 4 '-dialky 1-2,2* -hi pyridine, the concentration 
of soluble copper in the reaction medium can be manipulated. This was demonstrated with 
Cu (11) for two different monomers, p - chloromcthylstyrene (p-CMS) and 2 - (2 - 
bromopropionyloxy)ethyl acrylate (BPEA) but can be extended to other monomer systems. 
As can be seen from Figure 1, the concentration of copper in solution decreases in the order 
dNbpy > dTbpy > bpy (dTbpy = 4.4'-di(t-butyl)-2,2'-bipyridine). Also, the Cu (II) appears 
to be more soluble in p-CMS than in BPEA. In polymerizations of BPEA using each of the 
above ligands, only the use of dTbpy yields hyperbranched polymer, while use of bpy yields 
a polymer that has a lower degree of branching. 

The degree of branching is determined by comparison of the NMR signals of b and 
B*. During polymerization, consumption of the B* groups leads to branching and the 
formation of b. According to theoretical calculations, the highest degree of branching (DB) 
would be 0.5 at full cdnversionCDB = 0 for a linear polymer, DB = 1 for a dendrimer). When 
bpy is used, DB=0 45 at lOO'C, This value decreases as the temperature is decreased in 
accordance with a reduction in Cu(ll}-X concentration (at TCC, DB = 0.40; 50°C, DB = 
0.14). When dTbpy is used at dO'C. DB = 0.48. 

When dTbpy is used, the concentration of Cu(ll) is kept at levels which are acceptable 
for relatively fast rates of polymerization while still obtaining high degrees of branching. A 
similar case is observed for p-CMS. Only with bpy is polymer obtained; the use of dTbpy or 
dhfbpy does not yield polymer. This is due to the higher solubility of Cu (II) in this monomer 
with these ligands. By judicious choice of ligand, one is now able to control the chain 
architecture of the polymer, i.e., linear vs. branched (with variation in degree of branching) 
vs. hyperbranched. 

Counter Ton fCu-X^ 
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In solution, ii is known that copper (I)-X / bipyridine can form struccures of the type 
shown below. It has been believed that the monomeric species is the only species that 
partakes in ATRP. This is due to results that have been previously disclosed, which showed 
no difference in the polymerization of styrene when copper (I) Br / dNbpy or copper (I) PF« / 
dNbpy were used. Copper (I) PF^ / dNbpy is known to be present only as the monomeric 
form. 




Monomeric Species Dimeric Species 

Polymerizations that were performed using the Cu (I) PF^ / dNbpy based catalyst 
system for both styrene and MM A showed few differences compared to Cu (I) Br. However, 
there was a marked difference between the two copper salts in the polymerization of methyl 
aery late. 

The rate observed using Cu (I) PF^ was nearly a hundred times faster than using Cu 
(I) Br. When the Cu(I) PF^ was used in a 1 : 1 ratio with an initiator using cither bromine or 
iodine as the radically transferable group, the polymerization occurred at room temperature. 
In all cases, the molecular weights agreed with theory, but had higher polydispersitics. The 
polydispcrsities were lowered, M„. / M„ < 1 .3, by addition of small amounts of either Cu (I) 
Br or Cu (II) Br,, but these required heating -to 90'*C. If the ratio of Cu (I) PF^ to initiator was 
lowered to I : 10, the reaction also required being heated to 90*'C. 

These results indicate that for acrylates, the rate of polymerization is greater in the 
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presence of the monomeric Cu ([) PF^ species than in the dimeric Cu (I) Br. As there was noi 
such a large difference in the polymerization kinetics for styrene or methyl methacrylace 
when using Cu (I) PF^., it can be assumed that in those monomers, the Cu (I) species is mostly 
monomeric. 

Triflate anion 

The triflate anion is a non-coordinating ligand, similar to the PF4' ligand. Some of the 
benefits of using this ligand are the copper (I) salt is much more soluble in organic solvents 
than when PF^* is the counter ion. Additionally, the copper (I) triflate can be readily prepared 
from copper (II) triflate (which is commercially available) by reaction of the copper (II) with 
the copper (0). 

The use of either of the triflate or hexafluorphosphate anions demonstrates thai when 
the counter ion is selected so that bridging between metal centers through the ion is not 
possible, thus by controlling the architecture of the catalyst, it is possible to alter the 
reactivity of the catalyst. This is a general concept which can be extended 10 other tratnsition 
metals useful in ATRP, Additional preferred counter ions that can be considered include the 
tetrasubstituted borates, such as tetrafluoroborate, tetra(perfluoroaryl)borate, etc. 

Corboxvlate Counter Ion 

The use of Cu (I) carboxylates was explored. Tlie use of the acetate counter ion 
(Cu(nOAc), a non-radically transferable group, results in polymers with slightly higher than 
expected molecular weights and with broader polydispcrsities than obtained with Cu (I) Br. 
Addition of a small amount of Cu (I) Br or Cu (II) Br, to the polymerization mixmre 
containing Cu (I) acetate results in a polymer with markedly lower polydispcrsities, M„. / M„ 
- 1.2. However, the rates of polymerization arc nearly twice as slow with added CuBr than 
without. These results inform the chemist that one may sacrifice narrow molecular weight 
distributions for increased rates of polymerization. 

Another copper carboxylate that can be used is copper (I) 2 - thiophenecarboxylate 
(Tc). This counter ion can also act as a ligand by coordination between the sulfur atom on 
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the Ihiophcnc ring and the copper (I), In fact, only one cquivaient of dNbpy is required for 
the polymerization to proceed. With the use of CuTc, the obtained molecular weights are 
slightly higher than predicted, but the polydispersitics are quite narrow, M,,./ M„ = 1.2. 

There are numerous examples of ligands similar to the Tc ligand. which contain both 
an anion and a pair of electrons that can be used in the present process to coordinate to the 
transition metal and act as a ligand as well as counterion. Some examples include: 8- 
oxyquinoline, mono and multiply substituted picolinates, thiocyanates, etc. 

Differing Radically Transferable Groups on Initiator and Metal 

When benzj'l halide is used as an initiator to polymerize methyl mcthacrylatc using a 
copper (I) - X catalyst, where X = the halogen on the benzyl halide. there is poor molecular 
weight control and high polydispcrsiiies arc obtained. M^. / M„ > 1 ,5. This was attributed to 
the slow rate of initiation of MMA by use of a benzyl halide. This is due to the slower 
apparent rate of monomer addition at the benzyl halide compared to the apparent rate of 
monomer addition at the 2 - bromoisobutyr>'i group, i.e., the MMA chain end(K^k,- > K^'kp, 
where is the rate constant of addition of the initiator radical to the monomer. is the 
equilibrium constant for the initiator/initial copper complex, kp is the rate constant of addition 
of the propagating radical to the monomer, K^,* is the equilibrium constant for the polymer 
chain end/copper complcx(cs)). This difference in rates of activation/addition results in a 
high proponion of MMA being polymerized before all the iniuator is consumed. The result 
is a polymeri2:ation that does not obey the equation. DP = A[M] / [\]^: i.e. the polymerization 
is not fully controlled. 

Model smdies by the present inventors have shown that when I - phcnylethyi chloride 
is heated in solution with copper (I) bromide (and vice versa), a mixture of I - phenylethyl 
chloride and 1 - phenylethyl bromide is obtained. It was also known from previous work by 
the inventors that when bromine is used as the radically transferable group, there is a faster 
polymerization than with chlorine, when the polymerizadon is carried out at the same 
temperature. This is due to the difference in bond dissociation energies (BDE) for the 
carbon - halogen bond: (BDE)C-Cl > (BDE)C-Br. 
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When benzyl bromide is used as the initiator in ATRP, and copper (I) chloride the 
catalyst, a controlled polymerization of MMA is obtained. The proposed mechanism is that 
due to the lability of the carbon - bromine bond, there is fast initiation. However, as the two 
halogens exchange during propagation, the difference between the apparent rates of addition 
of monomer at the two ends (initiator vs. polymer chain end) becomes less and therefore 
allows for a controlled polymerization. It appears that the exchange of end groups is 
dynamic, so that the chains all grow at nearly the same rate. Similar results arc obtained 
when 2-haiopropionates are used as the initiator and the metal center is either copper (I) 
chloride or bromide. 

The application of these model studies to macromolecules results in the clean 
formation of blocks of monomer(s) where the resulting polymer chain end is more reactive 
towards the catalysts than the initiating sites on a macroinitiator containing a less efficient 
initiator group. Such examples include the use of copper (I) chloride to initiate die 
polymerization of MMA using bromine terminated poly(acrylate) or poiy(styrene) 
macro inidators. This allows for the controlled polymerization of MMA from nearly any type 
of initiating site. 

Effect of Added Salts 

Salts can be added to the reaction mixture of the present invention to adjust the 
polarity of the solvent, and thus change the catalyst siruciurc/reacrivity. The counter ion of 
the salt, which may or may not be a radically transferable atom or group, and which may or 
may not be the same as other groups in the system, can coordinate, or react, with the 
transition metal to form a different metal species. The formation of this species can then in 
turn affect the relative concentration of any other species in solution, if there are more than 
one. This has been demonstrated with the use of tetrabutylammonium bromide to generate 
the [Cu(I)Bri]' species, which is unreactive towards alkyl halides for atom transfer radical 
reactions. This thus lowers the concentration of the active copper (I) species and therefore 
lowers the rate of polymerization. 

Salts that do not modify the rate of polymerization, i.e.. dp not coordinate with the 
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transition metal, can aiso be used as initiators, provided that they contain a radically 
transferable atom or group. Additionally, the salt may contain an inorganic component, or 
may be organic. 

The counterion of the salt can contain halide as a radically transferable group. The 
salt can optionally contain one or more non-radically transferable atonis or groups as 
counterions in the salt. Suitable salts include metal and non-metal oxides, ammonium halides 
(such as tctraalkylammoniura halides), phosphonium halides, nitrates, triflates, halides and 
pseudohalides, etc. 

Effect of Solvent on ATRP 

The rate of polymerization in ATRP can be greatly enhanced by using a polar, non- 
coordinating, solvent. The use of solvents, such as ethylene carbonate or propylene 
carbonate, can increase the rate of ATRP polymerization. Using the solvent ethylene 
carbonate yields a polymerization which is fast while still maintaining low polydispersities. 
This result allows for the time of polymerization to be shonened and still obtain very well 
defined polymer. 

Similarly, the rale of polymerization of 2-hydroxyethyl methacrylate (HMEA) 
appears to be significantly faster than that of methyl methacrylate (MMA). This rate 
enhancement is attributed to the increase in polarity of the reaction medium due to the 
hydroxyl groups of the monomer/polymer. In fact, this rate appears to be too fast for 
controlled polymerization, as the polydispersities of the fmal polymer are significantly higher 
than that obtained in the polymerization of MMA. This would suggest that the rado of 
propagadon to deactivation (kp[M]/kd[X-M,"*']) is too high- To slow the rate of 
polymerization and obtain a controlled polymerization the reacdon can be performed in DMF 
and/or in the presence of a salt or excess deactivator in addition to changing the ligand. 
These reacdon conditions described later exemplify- some methods to significanUy slow dov^Ti 
the rate of polymerizadon and are successful in preparing well-defined poly(HEMA). 

Additional Parameters that Offer Co ntrol over ATRP 
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All nonnal process variables can have an effect on ATRP. Temperamre can change 
or modify catalyst structure and reactivity, higher temperature can lead to higher molecular 
weight polymer. Control over reaction medium polarity by iigands. councerion. salts and 
solvents affect catalyst stniccure and reactivity'. Slow addidon of initiator, or a component of 
the catalyst, can- be used to control the rate of iniuation. In conjunction with the additional 
methods for control over the ATRP process described in this text, these tools can be used to 
tailor catalyst activity' to the requirements of the monomers. 

Interactions oF Propagating Radicals Tn Conventional Free Radical Polymerization 
with Cum X 

There is no noticeable interaction between the propagating styryl radical and a metal 
in the lower oxidation state, e.g., Cu (I) X. in addition, the polymer tacticities and copolymer 
reactivity ratios obtained by ATRP and by conventional free radical polymerizadon are 
similar for the polymerization of styrcnc, raclhyi acrylate and methyl methacrylate. Tl^us the 
results suggest that ATRP is a radical polymerization. 

We have now found that for acrylates and acrylonitrilc, there is sin effect when Cu (I) 
X / bpy is added to an AIBN initiated polymerization. The molecular weights that are 
obtained are lower when Cu (1) X / bpy is added, as arc the polydispersitics. Since the kinetic 
chain length is defined as fl^ / R, (rate of polymerization / rate of termination) for a chain 
polymerization, one can conclude that the rate of propagation is reduced due to interactions 
between the propagaung radical and the Cu (1) X / bpy complex. 

It appears that this interaction occurs to a significant degree, enough to affect the 
molecular weights in a conventional free radical polymerization for acrylates and 
acryionitrile. Any reaction between styryl and methacrylic radicals with Cu(I) most likely 
occurs at rates which do not significantly affect the kinetics and molecular weights. This 
finding may be significant in the design of future catalysts/materials. This interacuon 
between a lower oxidation state metal and the propagating radical is a novel method for 
affecung the molecular weight of the resulting polymer chain without the use of chain 
transfer agents. 
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While there is no observed effect when methyl aery late is poiymerized in the presence 
of copper (II) triflate, the polymcrizadon of styrcnc using AJBN. in the presence of copper 
(II) Iriflate does reduce the molecular weight of the polymer. Since the triflate group can not 
be transferred to the propagating radicals in either system, only electron transfer can occur. 
Therefore, in the case of styrene. the styrcnc radical is oxidized to a cation and the copper 
reduced to copper (1). 

Similarly, the methyl aery late radical can be reduced to the anion and the copper (I) 
oxidized to copper (II). A similar electron uansfer reaction was also observed in the reaction 
of bromoaceionitrile and copper (I). Formation of the copper (II) is observed to be extremely 
fast, even at -78 °C, indicative of an outersphere electron transfer reaction between copper (I) 
and the bromoacetonitrile and/or resulting radical. Such an electron transfer reaction is 
expected to occur in the polymcrizauon of acrylonitrile and is considered a side reaction. 

Initmtor? 

Preparation of fnitiators 

Initiators for ATRP can be prepared by a variety of methods. Since all that is needed 
for an ATRP initiator is a radically transferable atom or group, such as a halogen, standard 
organic synthetic techniques can be applied to preparing ATRP initiators. Some general 
methods for preparing ATRP initiators will be described here. In general the initiators can 
have the general formula: 

' Y-(X)„ 

wherein Y is the core of the molecule and X is the radically transferable atom or group. The 
number n can be any number I or higher, depending on the functionality of the core group Y. 
For example, when Y is benzyl and X is bromine, with n = 1, the resulting compoimd is 
benzyl bromide. If Y is a phenyl moeity having a CHj group attached to each carbon of the 
phenyl ring and X is Br with n = 6. the compound is hexa(bromomediyl) benzene, a 
hexafunctional initiator useful for the preparation of six polymer chains from a single 
initiator. 

As a first division of the initiator types, there are two classes, small molecule and 
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macromolcculc. The small molecule initiators can be commercially available, such as 
benzylic halides, 2-halopropionates and 2-haloisobutyrates. 2-halopropionitriIes, a- 
halomalo nates, tosyl halides. carbon tetrahalides, carbon tribal ides, etc. Of course, these 
functional groups can be incorporated into other small molecules. The incorporation of these 
functional groups can be done as a single substitution, or the small molecule can have more 
than one initiating site for ATRP. For example, a molecule containing more than one 
hydroxy I group, can undergo an esterificadon reaction to generate a-haloesters which can 
initiate ATRP. Of course, other initiator residues can be introduced as are desired. The small 
molecules to which the initiators are attached can be organic or inorganic based; so long as 
the initiator docs not poison the catalyst or adversely interact with die propagatmg radical it 
can be used. Some examples of small molecules that were used as a foundation for the 
attachment of initiating sites arc polydimethylsiloxanc cubes, cycloiriphosphazene rings. 2- 
tris(hydroxyethyl)ethane, glucose based compounds, etc. Addiuonally, irichloromethyl 
isocyanate can be used to attach an initiator residue to any substance containing hydroxy, 
thiol, amine and/or amide groups. 

Macro initiators can take many different forms, and can be prepared by different 
methods. The macro initiators can be soluble polymers, insoluble/crosslinked polymeric 
supports, surfaces, or solid inorganic supports. Some general methods for the preparation of 
the macroinitiators include modification of an existing materizil, (co)polymcri2ation of an 
AB* monomer by ATRP/non-ATRP methods, or using initiators (for other types of 
polymerization) that contain an ATRP initiator residue. Again, modification of 
macro molecular compounds/substrates to generate an ATRP initiation sice is straightforward 
to one skilled in the art of materials/polymer modification. For example, crosslinked 
polystyrene with halomethyl groups on the phenyl rings (used in solid-phase peptide 
synthesis), attached functional molecules to silica surfaces, brominated soluble polymers 
(such as (cQ)polymcrs of isoprcne, styrcnc, and other monomers), or attached small 
molecules containing ATRP iniuators to polymer chains can all be used as macromolecular 
initiators. If one or more initiating sites are at the polymer chain ends, then block 
{co)polymers are prepared: if the initiating sites are dispersed along the polymer chain, graft 
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(co)polymers will be formed. 

AB* monomers, or any type of monomer that contains an ATRP initiator residue, can 
be (co)polymeri2ed, with or without other monomers, by virtually any polymerization 
process, except for ATRP to prepare linear polymers with pendant B* groups. The only 
requirement is that the ATRP initiator residue remains intact during and after the 
polymerization. This polymer can then be used to inidate ATRP when in the presence of a 
suitable vinyl monomer and ATRP catalyst. When ATRP is used to (co)polymeri2e the AB* 
monomers, (hyper)branched polymers will result. Of course, the macromolecules can also be 
used 10 initiate ATRP. 

Functionalizcd initiators for other types of polymerization systems, i.e., conventional 
free radical, cationic ring opening, etc., can also be used. Again, the polymerizadon 
mechanism should not involve reaction with the ATRP inidating site. Also, in order to 
obtain pure block copolymers, each chain of the macroinitiator must be initiated by the 
original functionalizcd inidator. Some examples of these type of initiators would include 
funcuonalized azo compounds and peroxides (radical polymerization), functionalizcd transfer 
agents (cationic, anionic; radical polymerization), and l-bromopropionyl bromide/silver 
triflate for the cationic ring opening polymerization of teu^hydrofuran. 

The ATRP initiators can be designed to perfonn a specific funcdon after being used to 
initiate ATRP rcacdons. For example, biodegradable (macro )iniuators can be used as a 
method to recycle or degrade copolymers into reusable polymer segments. An example of 
this would be to use a difuncuonal biodegradable iniiiator to prepare a lelechelic polymer. 
Since telechelic polymers can be used in step-growth polymerizations, assuming properly 
functional ized. linear polymers can be prepared with muldple biodegradable sites along the 
polymer chains. Under appropriate condiuons, i.e., humidity, enzymes, etc., the 
biodegradable segments can break down, and the vinyl polymer segments recovered and 
recycled. Additionally, siloxane containing initiators can be used to prepare polymer with 
siloxane end groups/blocks. These polymers can be used in sol-gel processes. 

It is also possible to use multifunctional initiators having one or more initiation sites 
for ATRP and one or more initiation sites capable of initiating a non-ATRP polymerization. 
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The non-ATElP polymerization can include any polymerization mechanism, including, but 
not limited to, cationic, anionic, free radical, metathesis, ring opening and coordination 
polymerizations. Exemplary multifunctional iniiiaiors include, but arc not limited to. 2- 
bromopropionyi bromide (for cationic or ring opening polymerizations and ATRP); 
halogenated AlBN derivatives or halogenatcd peroxide derivatives (for free radical and 
ATRP polymerizations); and 2-hydroxyethyl 2-bromopropionate (for anionic and ATRP 
polymerizations). 

Reverse ATRP is the generation, in situ, of the initiator containing a radically 
transferable group and a lower oxidation state transition metal, by use of a conventional 
radical initiator and a transition metal in a higher oxidation state associated with a radically 
utmsferabie ligand (X), e.g., Cu (II) Br^. using the copper halide as a model. When the 
conventional free radical initiator decomposes, the radical formed may cither begin to 
propagate or may react directly with the M"*' XjJ- (as can the propagating chain) to form an 
alkyl halide and M" Xj..,L. After most of the initiator / M"*' XvL is consumed, predominately 
the alkyl halide and the lower oxidation metal species are present; these two can then begin 
ATRP. 

Previously. Cu(II)X2/bpy and AIBN have been used as a reverse ATRP catalyst 
system. (U..S. Patent Application Serial No. 08/414,415 Matyjaszewski, K.; Wang, J.-S. 
Macromolecules, 1995. 28, 7572.) However, molecular weights were difficult to control and 
polydispersities were high. Also, the ratio of Cu(ll) to AIBN was high, 20: 1. The present 
invendon provides an improved reverse ATRP process using dNbpy, to solubilize the 
catalyst, which leads to a significant improvement in the control of the pol.vmerization and 
reduction in the amoimt of Cu(II) required. 

Reverse ATRP can now be successfully used for the "living" polymerization of 
monomers such as styrene, methyl acrylaie, methyl methacrylate, and acrylonitrile. The 
polymer molecular weights obtained agree with theory and polydispersities are quite low. M,, 
/ M„ < 1.2, Due to the enhanced solubility of the Cu(II) by using dNbpy, as the ligand, the 
ratio of Cu(II): AIBN can be drastically reduced to a rauo of 1 : 1 . Unlike standard AIBN 
initiated polymerizations, the reverse ATRP initiated polymers all have identical .2 - 
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cyanopropyl (from decomposition of AIBN) head groups and halogen tail groups which can 
further be converted into other functional groups. Additionally, substituenis on the free 
radical initiator can be used to introduce additional functionality into the molecule. 

The radical initiator used in reverse ATRP can be any conventional radical initiator, 
including but not limited to, organic peroxides, organic persulfates, inorganic persulfates, 
peroxydisulfate, azo compounds, pcroxycarbonatcs. perborates, pcrcarbonates, perchloratcs, 
peracids, hydrogen peroxide and mixtures thereof. These initiators can also optionally 
contain other functional groups that do not interfere with ATRP. 

Novel Polvmers 

New Acrylic Poivmers bv ATRP 

There have been few repons of the synthesis of water soluble polymers by living 
polymerization. This is generally due to the fact that the functional groups on the repeat units 
which make the polymer soluble in water are susceptible to reaction with the propagating 
active center (cation or anion). By using radical polymerization this problem can be avoided. 
This is demonstrated in the present invention by polymerizing 2 - hydroxyeUiyl acrylate with 
ATRP resulting in the successful preparation of a water soluble polymer. Molecular weight 
control is excellent and polydispersities are quite nanow. This polymerization can also be 
carried out in water demonstrating the robust nature of ATRP. Also, 2-hydroxycthyl 
methacrylate has been successfully polymerized using ATRP. 

Glycidyi acr>'late can also be polymerized using ATEIP. The fmal material is well 
defined and NMR shows that the glycidyi groups remain unaffected by the polymerization 
conditions. Other acrylic monomers that can be polymerized include, but are not limited to, 
vinyl acrylate, allyl acrylate, isobomyl acrylate, t-butyl acrylate (masked acr>'lic acid) and 2- 
(dimethylamino)ethyl methacrylate. Also, 3 - (trimethoxysilyl)propyl methacrylate can be 
copolymerized with butyl acrylate by ATRP to form oligomers. These materials arc found to 
crosslink upon exposure to ambient moisture demonstrating their potential use as solventless 
coatings. 
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Statistical Copolymers (Spontaneous Gradient Copnlyni^rif ) 

These copolymers are formed by the random copoiymerization of two or more 
monomers. These polymers incorporate the differing monomers by Markovian statistics. 
The rate of incorporation of the respective monomers is dependent on the reactivity ratios of 
the monomers with respect to each other. In living polymerizations, where all chains are 
initiated at nearly the same time and there is no chain termination, gradient copolymers can 
be formed. This occurs when there is a molar imbalance between the monomers, or if one is 
preferentially consumed before the othcr(s). If there is an excess of a monomer(s) after the 
other(s) has been consumed, then the polymer chain continues to grow adding only the final, 
remaining monomer(s). This results in the formation of a block at the end of the polymer 
chain; in essence a gradient copolymer has been formed. The present invention provides a 
method for the synthesis of statistical copolymers, preferably those of styrene / acrylonitrile, 
styrcnc / butyl aery late, and methyl aery late /vinyl acetate. Additionally, copolymers with 
more than two components are possible. 

Copolymers can be prepared with a wide variety of compositions, with excellent 
molecular weight control and very low polydispersiues, M,y / < 1.15, Due to the "living" 
nature of the polymerization, all polymer chains are expected to have nearly the same 
composition and gradient along the polymer chain. This near uniform composition among 
the polymer chains is nearly impossible to obtain in conventional free radical 
polymerizations. In conventional free radical (co) polymerizations, one usually obtains a 
mixture of polymer chains consisting of homopolymer or a distribudon of compositions. 
Polymer chains with identical compositions can only be formed under azeotropic condiuons 
by convendonal free radical polymerizations; azeotropic conditions are found for only one 
ratio of monomer A : monomer B. [N,B.: the narrow molecular weight distribudon as 
obtained in the Examples below can only be obtained by "living" polymerizadons. Also, in 
the ionic systems, statisdcal copolymers can not be formed due to large differences in the 
reactivity ratios between ionically polymerizable monomers.] The copolymer of methyl 
acrylate and vinyl acetate is also the first demonstrated use of vinyl acetate in ATRP . 
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Controlled rForcedl Gradient Copolymers 

In statistical (or spontaneous gradient) copolymers, the change in polymer 
composition occurs as a result of the monomer feed composition varying with conversion as 
one monomer is consumed faster than the other(s) in the reaction mixture. This results in 
little control of the gradient's position and rate of change along the polymer chain. Gradient 
copolymers can also be prepared by controlled addition of comonomer(s) to the reaction 
mixture. By controlling the rate of monomer addition, it is possible to control the 
instantaneous composition, or gradient, of the two monomers along the polymer backbone. 
For living polymerizations, the chain grows at a uniform rate with no termination. Due to the 
lack of termination, when a monomer is added to the feed it will become incorporated into 
the polymer chain. This process was demonstrated by, but is not limited to, copolymers with 
styrene / butyl acrylale and styrene / acrylonitrile systems for the preparation of copolymers 
with different instantaneous gradients of composition along the chain. 

As can be seen from the experimental data, the polymers have ver>' good molecular 
weight control with narrow polydispersities, indicating a living polymerizauon. Also, the 
concentration of the added monomer can be seen to change along the polymer backbone, 
demonstrating control over the synthesis of a gradient copolymer. 

A gradient copolymer can also be prepared using a difunctional or multifunctional 
initiator. This gradient copolymer would not gradually change composition along the 
backbone from one end to another, but rather be symmetrical, with the composition change 
emanating from the center of the polymer chain in the case of difunctional initiators. This 
material may have even more unique propcnies than the simple linear gradient copolymers 
described above. 

Functional gradient copolymers can also be prepared by ATllP. This is demonsirated 
using a glycidyl residue as an initiator and bromine as the radically transferable group. Later, 
the bromine group is successfully transformed to an azide group by reaction with 
trimethylsilyl azide in the presence of tetrabutylammonium fluoride. 

AUematjng Co p oi ymgr^ 
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Alternating copolymers exemplified by copolymers of isobutene / acrylonitrilc. 
isobuiene / butyl acrylate and scyrene / N - cyclohexyl maleimide (NCM) can also be 
prepared by ATRP, These monomers form strongly alternating microstnictures due to the 
large difference in their reactivity ratios. The styrene / NCM copolyniers are useful for high 
temperature applications due to its high T^ (270*'C) and decomposition temperature (430*'C). 
The isobutene / acrylonitrile copolymers are useful as self plasticizing acrylonitriie, and aid ir 
its thermal properties. Isobutene and butyl acrylate were also successfully alternative! v 
copolymerized. 

The alternating nature of the polymers was confirmed by mass spectrometry as 
demonstrated in the example below. The polymer composition was calculated on the 
obser\'ed molecular weights in the obtained spectra. It was determined that the composition 
was nearly 50:50. or 40:60, as was also determined by 'H NMR. Additionally, a small block 
of BA was added to the end of the polymer chain resulting in a 40:60 ratio of IB/BA. 

Block Copolymers 

Block copolymers containing butyl acrylate were prepared with styrene and 2 - 
hydroxyethyl acrylate. Styrene / butyl acrylate block copolymers were prepared by first 
polymerizing styrene by ATRP. followed by addition of butyl acrylate after complete 
consumption of the st>Tenc. This method of block copolymer formation yielded well defined 
block copolymers. These materials may find use as blend compatiblizers or as rubbers. 

A block copolymer of butyl acrylate and 2 - hydroxyethyl acrylate was prepared by 
ATRP of butyl acrylate followed by addition of 2 - hydroxyethyl acrylate. This material may 
find use as a novel hydrophobic / hydrophilic material, or as a surfactant. 

ABC triblock copolymers can also be formed, such as an ABC block copolymer of 
MMA/BA/Styrene. This can be formed with the initiator residue residing on the MMA end 
or on the Styrene end. This would result in the radically transferable atom or group ending 
up on the Styrene end or the MMA end, respectively. All acrylate ABA block copolymers 
arc also available using the present technology, such as MMA/BA/MMA copolymers. 

Although simple sequential addition of monomers is usually successful in the 
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preparation of block copolymers of ATRP polymerizable monomers, ii is sometimes difficult 
to switch from one type of monomer to another. This is attributed to the differences in the 
rate of activation of the polymer chain ends for the two different types of monomer. As 
described above, if the monomer being added has a higher value than the macroinitiator, 
then incfncicnt polymerizations will be observed. This is exerriplified in the polymerization 
of MMA initiated by polystyrene. To overcome this difficulty, exchange of the halogens can 
be utilized (see above), or a "switching" monomer can be used. This monomer, ideally, will 
not homopolymerize but can be copolymerized, and has a comparable to or greater than 
that of the second monomer. At the end of polymerization of monomer A, the switching 
monomer is added. Since this monomer can not homopolymerize, only one unit is added. 
The polymer is then isolated and used to initiate the polyrrierization of monomer B. Some 
examples of this type of switching monomer can include sulfur dioxide, alkyiidene 
malonates, diphenyi ethylene, etc. 

Block copolymers can also be synthesized with polymers that are initially prepared by 
ring opening polymerization. Suitable monomers for such ring opening polymerization 
reactions include, but arc not limited to, cyclic ethers (such as tetrahydrofuran), lactones 
(such as capro lactone), lactams (such as capro lactam), cycloalkanes and cycloalkenes (such 
as norbomene and dicyclopcntadiene), tricyclophosphorazcnc,-tetradimethylsiloxane, 
trioxanes, epoxides, o.xetanes, orthoesters, carbonates, acetals, imines, oxazolines and cyclic 
sulfides. The resulting polymers can be terminated by addition of a compound containing a 
radically transferable atom or group, such as 4-bromomethyl benzaldehyde. .'^s an example, 
ring opening metathesis polymerization (ROMP) can be performed to prepare polymers from 
monomers such as polynorbomene and polydicyclopentadiene. These two polymers can be 
synthesized using a commercial molybdenum ROMP catalyst [Mo(CHCPhMej)(NArXO-l- 
Bu)2 (Ar =2,6- diisopropylphcnyl)]. The polymerization is terminated by addition of 4- 
bromomethyl benzaldehyde. Addition of this reagent gives a polymer with a benzyl bromide 
end group; thus a macroinitiator for ATRP. These macroinitiators can be used to prepare 
block copolymers with st>'rene and methyl methacrylate. These materials may have novel 
propenies. and act as blend compatibilizers. For example, a polymer with one block soluble 
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in polyolefihs and the oiher in polystyrene containing some ester groups could find utiiicv in 
compatibilization of municipal plastic waste streams. 

One novel type of block copolymer that can be prepared with ATRP is die formation 
of block copolymers in which one, or more, blocks contains a charged species, such as a 
cation or an anion. An example of this would be a block copolymer of 2- 
(dimethyiaraino)cthyl mclhacrylatc and (meth)acrylic acid. One of the blocks would be 
nucleophilic/basic (trialkyl amine) and the other acidic (carboxylic acid). Because of this 
dual composidon, it would be expected that the alkyl amine would be protonated and the 
carboxylic acid would be its conjugate base, the carboxy anion; assuming that the pH is 
essentially neutral. At higher pH levels, the amine would be expected to be unprotonated. 
while the carboxy anion would still remain. At lower pH, the converse would be tme; both 
the amine and the carboxylic acid would be protonated. Under neutral pH conditions, the 
material would be expected to behave as a gel, due to interchain complexation between the 
carboxy anions and the protonated amine chain segments. This gel formation would be 
reversible based on the pH levels; higher or lower pH levels would disrupt the complexauon. 

Depending on pH, the resulting polymers would include block copolymers in which 
one block contains carboxy anion groups (from the methacrylic acid units) and the other 
block conatins dimethylaminoethyl groups; in which one block contains carboxy anion 
groups and the other contains protonated dimethylaminoethyl groups; in which one block 
contains carboxylic acid groups and the other contains dimethylaminoethyl groups; and in 
which one block contains carboxylic acid groups and the other contains protonated 
dimethylaminoethyl groups. Of course, using other monomers would result in similar t>'pes 
of block copolymers for those monomers. 

Another type of block copolymer available dirough ATRP is an amphiphobic block 
copolymer having one block that is hydrophilic and another that is hydrophobic. Exemplary 
of this embodiment is the block copolymer formed froni 2-cthylhcxyl acrylate and 
perfluoroacrylate or the copolymer formed from 2-ethylhexyl acrylate and butyl acrylate. 

Bottle brush polymers can be prepared when AB* monomers arc linearly 
homopolymcrized or a polymer chain is modified so that each repeat unit has an ATRP 
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miciating site or a siie that can be converted into an active ATRP initiator. An example 
would be the complete or panial esterification of the hydroxy I groups present on 
hydroxyethyl acrylacc or a soluble or insoluble cellulosic material to form an ATRP 
macroinidator. Using this macro initiator to polymerize vinyl monomers results in the 
formation of polymer chains emanating from each repeat unit. The steric strain berween each 
of the polymer chains forces them to twist along, or helically wrap eu-ound the tnacroinitiator 
backbone, like a bottle brush. This macromolecuie can also be used to initiate ATEIP, 
generating block (co)polymers on the grafts. 

It is possible to make a polymer with segments of the polymer backbone having grafts 
of different composition. This can be done by using protecting groups in one segment of the 
polymer and ATRP initiating sites on other(s). After polymerization by ATRP, the halogens 
can be removed, and the protecting groups removed. If necessary. .ATRP initiating residues 
can be added to the deprotcctcd sites. Again ATRP is performed, but this time at the new 
initiating sites, resulting in a block copolymer of grafted chains. 

Another method involves the preparation of a linear (co)polymer of AB* repeat units. 
Some, or all of the radically transferable atoms or groups can be replaced with TEMPO units. 
This would be accomplished by reaction of the polymer with the appropriate amount of 
Mj^'/ligand in the presence of TEMPO. The two different types of initiator sites, ATRP or 
TEMPO, can be used to grow grafts of differing composition due to the different 
polymerization mechanisms, 

Starburst polymers, that is. hypergrafted copolymers where the gral'ts have grafts, 
which also may contain grafts, can be prepared by copolymerizing, using ATRP. a TEMPO 
AB* monomer, where the B* is a TEMPO group, with a protected ATRP AB* monomer. 
After deprotection, the ATRP AB* monomer can be used to grow grafts off of the linear 
polymer by using the same composition of ATRP AB* and TEMPO AB* monomers. 
Deprotection followed by ATRP, again with the same ATRP/TEMPO AB* monomer 
mixture* can be repeated as often as desired. The resulting molecule is one which has grafts 
on top of grafts (the grafts are the result of polymerization ft-om the ATRP AB* repeat units); 
this polymer would be the scaffolding for the subseqent polymerization of grafts from the 
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TEMPO AB* sites. Tlie TEMPO AB* sites can now be used to initiate the 
(co)polyn:ierization of styrcncs to fill in the scaffolding built by the ATRP AB* polymerized 
sites. Thus, a starburst polymer can be formed. 

Graft Copolymers 

The following examples of graft copolymers, poly(cthylcne - graft - st>'rene). 
poly(ethylene - graft - methyl methacryiate). poiy{PVC - graft - styrene), poly(isobutene - 
graft - styrene), and poly(butyl - graft - styrene), demonstrate the use of commercially 
available polymers as macro initiators after post polymerization modification by the use of 
small molecules, such as Br, or SOCK, or by co polymerization. 

Chlorosulfonated polyethylene wsls used as a macroinitiator for the ATRP of styrene 
and methyl methacrylate. This led to the formation of styrene or methyl meihacrylate grafts 
off of the polyethylene backbone. Tltese specific representative materials may find use as 
compatibilizers for ethylene blends. These materials are used as examples for the broader 
concept of preparation of graft copolymers with polyolefin backbones, by use of olefins as 
niacro initiators for ATRP. 

Poly( vinyl chloride - co - vinyl chloroacetate) (1% vinyl chloroacetate) was used as a 
macroinitiator for the ATRP of styrene. This leads to the formation of styrene or butyl 
acrylate grafts off of the PVC backbone. Tliis material may find use as a compatibilizer for 
PVC blends. .Also, this method leads to the synthesis of self plasticizinc PVC. when the graft 
is a low Tg polymer, such as butyl acr>*iate. which may make PVC less susceptible to 
embrinlement as the polymer aces. These materials arc used as examples for the preparation 
of graft copolymers with olefin backbones, by use of polyolefins as macroinitiators for 
ATRP. 

Thermoplastic elastomers can be prepared by using commercially available isobutene 
or butyl rubber polymers as macroinitiators. The commercial product on which the 
polyisobutene macroinitiator is based is actually a p-methylstyrene / isobutene copolymer. 
The methyl groups of the styrene are brominaied yielding benzylic bromide side groups on 
the polyisobutene chain. Tlicse groups are used to initiate the polymerization of styrene to 
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obtain poly(isobutene - graft - styrene). Similarly, butyl rubber with allylic bromine groups 
was used to prepare poly(butenc - graft - styrene). Both of these graft copolymers behave as 
thermoplastic elastomers. 

OrganTc/Innrganic Copolymers 

It is possible to prepare copolymers that contain segments or blocks, where at least 
one is comprised of an organic based polymer and the other(s) is comprised of an inorganic 
polymer. This can be accomplished by one of two methods: use of a macro! nitiator for 
ATRP that is the inorganic polymer or by polsTnerization of macro monomers that are 
inorganic polymers but contain end groups that are radically polymerizable vinyl groups. 
The use of an inorganic macro initiator is exemplified by using cither a 
poly(dimethylsiloxane) macro initiator to prepare block or graft copolymers by ATRP; 
polyphosphazene macro initiators arc used to prepare graft copolymers. Polydimethylsiloxanc 
macro monomers were prepared by anionic polymerization of cyclic 
hexamethylcyclotrisiloxane and quenching with 4-(chlorodimethylsilylcthyl)styrene. 

Additionally. ATRP was initiated from small molecules of dimethylsiloxane in the 
shape of cubes. These materials can be used in solgel processes to prepare crossUnked silica 
regions and uncrosslinked organic polymer regions in bulk materials. 

Graft copolymers of polyphosphazene can be prepared by first ring opening 
polymerization of cyclic hexachlorotriphosphazene followed by treating with nucleophilcs 
that contain ATRP initiating residues. The cyclic hexachlorotriphosphazene can itself be 
used to initiate ATRP when properly substituted. Such an initiator can have more than one 
arm, forming star (co)polymers. 

Ftingtional Group? 

We will use the nomenclature convenuon that the fimcdonality associated with the 
inidator residue resides at the tail of the polymer chain and the radically transferable group is 
at the head. We have confirmed through the use of various initiators, that one can produce a 
wide variety of polymers widi similar or differing head and tail groups. These end groups 
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can be directly used for a wide range of applications. These include: vinyl or allyl groups for 
macromonomer synthesis, epoxide groups for later condensation with amines, etc., cyano 
groups as latent amine functional groups, amine, carboxylic and hydroxy groups in surface 
adhesion / reactive polymers, and telechelic polymers. 

When the radically transferable atom employed is a halogen, it is possible to perform 
simple reactions to transform the halogen to a more usefiil funcdonality. This has been 
demonstrated by the transformation of the halogen to an azide, and from azide to amino. 
Additionally, the alkyl halogen has been transformed to. secondary, tertiary and quaternary 
amines by simple reaction of the alkyl halidc with a small molecule amine, i.e., 
aminoethanoL As can be seen, one skilled in the art of organic chemistry can develop a wide 
variety of transformation methodologies for conversion of the halogen to other functional 
groups. 

Transforma tion of Halogens 
Simple Folymers 

It is well known in chemistry that halogens are generally good leaving groups for 
various types of chemistry, such as nucleophilic and electrophilic substitution reactions, 
radical reactions and in various metal mediated coupling reacdons, i.e., Stille reactions, etc. 
As such it is possible to transform the resulting halogen end groups of the polymer chains to 
other, more useful functional groups. Some demonstrated examples include nucleophilic 
substitution with the desired nucleophile (Nj*, HO*, etc.). In some cases, additional chemical 
reactions can be conducted to further transform the new functional group, i.e., reaction of 
azide functional polymers with triphenylphosphine to form the phosphoranimine, followed by 
hydrolysis to form llie primary amine. Replacement of the halogen by nucleophilic , 
substitution docs not require the use of a naked nucleophile but can use basic organic 
reagents, such as amines. The amines can be substituted with functional groups prior to 
reaction with the halogen end group; other functional groups can be introduced in this 
manner, e.g. reaction of halogen end group with ethanol amine to introduce a hydroxy group. 
The use of telechelic polymers {(meth)acrylics, styrcncs. actylonitriles, etc. homopolymers 
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and copolymers) can subsequenily be used in chain extension reaccions, i.e., formation of 
polyurethancs. polyamidcs, polyesters, etc. 

Further radical reactions can be perfonned using the halogen end group to introduce 
functionality or to remove the halogen. Such reactions can include the use of the transition 
metal used in the polymerization to generate a radical which can then participate in various, 
known radical reactions for small molecules. These reactions can be reaction with a 
hydrogen transfer reagent to fomi a hydrogen end capped polymer, reaction with carbon 
dioxide in the presence of a hydrogen transfer reagent (forms an aldehyde), reaction with CO 
in presence of an alkene and proton transfer agent (forming a ketone), reaction with allyl 
stannane to form an allyl temiinated polymer, etc. If the generated radical is captured by use 
of a stable free radical, such as the well known nitroxide radicals, the resulting 
polymer/compound can be used to initiate free radical polymerizations upon thermal 
decompostion of the carbon-nitroxidc bond; these nitroxide initiators can also be used to 
obtain a MivingVcontrolled radical polymerization, but by a different mechanism. [Solomon, 
D. H.; Rizzardo, E; Cacioli, P. US Patent 4J81M9 1985; Hawker, C. J. 1 Amen Chem. 
Soc. 1994. 1 1314; Hawker, C. J.; Barclay, G. G,; Orellana, A.; Dao, J.; Devonpon, W. 
Macromolccules 1996, 29, 5245] Transition metal mediated coupling reactions between 
alkyl halides and/or substituted starmanes are well known, i.e.. Suzuki, Stille, etc. couplings, 
as simple methods for forming carbon-carbon bonds, and which are generally not detrimental 
to functional groups, i.e., acrylic esters. 

Functionaliratton of Hvperbranched Polvmcrs 

It has been demonstrated that the bromine end groups of a hvperbranched polymer 
can be replaced with azide groups trimclhylsilyl azide / tetrabutylammonium fluoride. These 
materials can be used as crosslinking agents by decomposition of the azide groups to form 
reactive nitrenes by either thermal or UV degradation. These materids may fmd use in 
solvendcss coatings applications due to the low viscosity of the hyperbranched polymer and 
its high number of functional groups. It is obvious to one skilled in the art, that the functional 
groups introduced to the hyperbranched material need not be limited to azides but can be 
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Other as well. 

The highly functionalircd hypcrbranchcd polymers may be used either by themselves 
or in conjunction with a telechelic polymer(s). The functional groups on the hyperbranched 
polymer and the telechelic polymer must be complimentary, so as to form a covalcnt bond 
between the two polymers. By using the telechelic polymers, the density of crosslinks are not 
as dense as if the hyperbranched polymers were crosslinkcd themselves, i.e. decomposition of 
the azidcs. Also, the crosslinking sites are not random, as in the preparation of crosslinkcd 
materials with divinyl comonomers, but are concentrated at nodes (the hyperbranched 
polymer), Tlie ficxibility/brittleness of the resulting material would be dependent on the 
concentration of hyperbranched polymer added, and the glass transitions of both the 
hyperbranched polymer and the telechelic polymcr(s). The telechelic polymer can be a 
homopolymer. a random copolymer, a block copolymer, a gradient copolymer, and may have 
functional groups present that would not interact with the funcuonal groups on either the 
hyperbranched or the telechelic polymer. Further control of the crosslinked polymer's final 
mechanical/physical propenies can also be obtained by the number of reactive sites on the 
hypcrbranchcd polymer and/or the molecular weight of the telechelic polymer. 

EXAMPLES 

Having generally described this invention, a further understanding can be obtained by 
reference to cenain specific examples which are provided herein for purposes of illustration 
only and are not intended to be limiting unless otherwise specified. 

It should be noted that in the Examples, the M„s reported were obtained using Size 
Exclusion Chromatography (SEC) with retention times of unknown samples compared to 
linear polystyrene standards. It is known that branching results in a smaller hydrodynamic 
volurne, and in turn, longer retention times in SEC. This yields a lower apparent molecular 
weight when compared to linear analogs. 

Polymerization with Zero Valent Iron Catalyst(s) 
Fe(0) Alone 
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E?^ample I, 1 

Bulk Polymerization of Styrene using Fe" / PPhj; Iron powder (10 mg), triphenyi 

phosphine (69 mg), styrene (1.0 ml) and I - phenylethyl bromide (12 pL) were charged to a 

dry glass tube. A stir bar was added and the contents of the tube were degassed by freeze - 

pump - thaw (3X). The tube was then sealed under vacuum and the tube placed in an oil bath 

thenuostaned at IWC for nine hours. The contents of the tube had become viscous. The 

tube was opened and the contents dissolved in THF. Convenion of the monomer was 70%. 

H, = 6,780; M,,/M„= 1.19. 

Example 2 

Bulk Polymerization of Styrene using Fe° / NBuj: Iron powder (10 mg), tributyl amine 
(63 piL). styrene (1. 0 mM and I - phenylethyl bromide (12 juL) were charged to a dry glass 
tube. A stir bar was added and the contents of the tube were degassed by freeze - pump - 
thaw (3X). The tube was then sealed under vacuum and the tube placed in an oil bath 
thermostatted at 1 10°C for nine hours. The contents of the tube had become viscous. The 
tube was opened and the contents dissolved in THF. Conversion of the monomer was 62%. 
M„ = 6,400;M,,/M„= 1.51. 

Example 3 

Bulk Polymerization of St>'rene using Fe** / N, N - Dimethylformamide: Iron powder 
(10 mg), N. N - dimethylformamide (100 ^^L), styrene (1.0 ml) and 1 - phenylethyl bromide 
(12 ^iL) were charged to a dry glass tube. A stir bar was added and the contents of the tube 
were degassed by freeze - pump - thaw (3X). The tube was then sealed under vacuum and 
the tube placed in an oil bath thermostatted at I lO^'C for nine hours. The contents of the tube 
had become viscous. The tube was opened and the contents dissolved in THF. Conversion 
ofthe monomer was 85%. M„ = 8,960; M,^/M„= 1.33. 
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Bulk Polymerization of Methyl Mcthacrylate using Fe** / PPh,: Iron powder (6.0 mg), 
iron (II) bromide (34 mg). 4, 4' - di(5-nonyl) - 2. 2' - bipyridine (15.4 mg), methyl 
methacryiate (5.0 ml), p - tolucncsulfonyl chloride (9.0 mg), and o - xylene (5.0 ml) were 
charged to a dry flask. A stir bar was added, the flask sealed with a rubber septum, and the 
contents of the flask were degassed by sparging with argon. The flask was placed in an oil 
bath thermostatted at 80°C for 18 hours. The contents of the tube had become viscous. The 
tube was opened and the contents dissolved in THF, Conversion of the monomer was 75%. 
M„-75.100;M,./M„=1.24. 

Example 5 

Bulk Polymerization of Methyl Methacryiate using Fe** / PPhj: Iron powder (5.3 mgj. 
triphenyl phosphinc (3,7 mg). methyl methacryiate ( 1 ,0 ml) and methyl 2 - bromoisobutyrate 
(6.4 fuL) were charged to a dry glass tube. A stir bar was added and the contents of the tube 
were degassed by freeze - pump - thaw (3X). The tube was then sealed under vacuum and 
the tube placed in an oil bath thermostatted at SCC for 2.25 hours. The contents of the tube 
had become viscous. The mbe was opened and the contents dissolved in THF: Conversion 
of the monomer was 57%. = 5.200; M,, / M„ 1 .78. 

E;garnp|e (? 

Bulk Polymerization of Methyl Methacryiate using Fe" / dNbpy: Iron powder (5.3 mg). 
4,4*-di(5-nonyl)-2,2*-bipyridinc (3S.2 mg), methyl methacryiate (1.0 ml) and p- 
toiuenesulfonyl chloride (9.0 mg) were charged to a dry glass tube. A stir bar was added and 
the contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then 
scaled under vacuum and the tube placed in an oil bath thermostatted at 80''C for 0.8 hours. 
The contents of the tube had become viscous. The tube was opened and the contents 
dissolved in THF. Conversion of the monomer was 60%. M„= 6.300; M.^/ M„ = 2.07. 
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E^aniple 7 

Bulk Polymerization of Styrcne using Fe° without ligand: Iron powder(10 mg), styrenc 
( LO ml) and 1 - phenylethyl bromide (12 ixL) were charged to a dry glass tube. A stir bar 
was added and the contents of the tube were degassed by freeze - pump - thaw (3X). The 
tube was then sealed under vacuum and the tube placed in an oil bath thermosianed at I ICC 
for 9 hours. The contents of the tube had become solid. The tube was opened and the 
contents dissolved in THF. Conversion of the monomer was 94%. M„ = 84,600; M^. / M„ = 
2.8. 

Fe(0)/Fe(n) 
Fxample 8 

Bulk Polymerization of Styrene using Fe** / FeBr, / N, N-Dimethylformaraide: Iron 
powder (6 mc), iron (11) bromide ( 1 9 mg), N. N - dimethyl formamide ( 1 00 fxL), styrenc 
(l.O ml) and 1 -phenylethyl bromide (12 fiL) were charged to a dry glass tube. A stir bar was 
added and the contents of the tube were degassed by freeze - pump - thaw (3X). The tube 
was then sealed under vacuum and the tube placed in an oil bath ihermosiatted at I lO^C for 
seventeen hours. Tlie contents of the tube had become viscous. The tube was opened and the 
contents dissolved in THF. Conversion of the monomer was 86%. M„ = 9,860; M,,. / Mn = 
1.22. 

Example 9 

Bulk Polymerization of StA-rene using FeBr, / N, N - Dimethylformamidc: Iron (II) 
bromide (19 mg), N, N - dimethylformamide (100 mL), styrene (1.0 ml) and 1 - phenylethyl 
bromide ( 1 2 ^L) were charged to a dry glass tube. A stir bar was added and the contents of 
ihc tube were degassed by freeze - pump - thaw (3 X). The tube was then sealed under 
vacuum and the tube placed in an oil bath thermostatted at 1 10°C for twenty two hours. The 
mbc was opened and the contents dissolved in THF. Conversion of the monomer was 29%. 
M„= UOO;M^/M„= 1.44. 
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Example 10 

Bulk Polymerization of Styrcnc using Fe** / FeBr,: Iron powder (2.0 mg), iron (II) bromide 
(6.3 mg), 4, 4' - di(5-nonyl) - 2. 2' - bipyridine (35.6 mg), styrenc (1.0 ml) and I - 
phcnylcthyl bromide (4.0 ^L) were charged to a dry glass tube. A stir bar was added and the 
contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then sealed 
under vacuum and the tube placed in an oil bath thermostatted at 1 ICC for twenty hours. 
The contents of the tube had become viscous. The tube was opened and the comenis 
dissolved in THE. Conversion of the monomer was 59%. M„ = 16,000; M,^ / M„ = 1 .14. 

Example 1 1 

Bulk Polymeriration of Styrcnc using FeBr,: Iron (II) bromide (19.0 mg), 4, 4' - di(5- 
nonyl) - 2, 2* - bipyridine (71.2 mg), styrene (l.O ml) and 1 - phenylcthyl bromide (12.0 ptL) 
were charged to a dry glass tube. A stir bar was added and the contents of the tube were 
degassed by freeze - pump - thaw (3X). The tube was then sealed under vacuum and the tube 
placed in an oil bath thermostatted at 1 IO**C for twenty one hours. The contents of the tube 
had become viscous. The tube was opened and the contents dissolved in THE. Conversion 
of the monomer was 64%. M„ ^ 6,470; M„ / M„ = 1.27. 

Bulk Polymerization of Sh'rene using Fc°/ FeBrj: Iron powder (10 mg). iron (III) 
tribromide (18.1 mg), 4, 4' - di(5 - nonyl) - 2. 2* - bipyridine (7.3 mg), styrenc (1.0 ml) and 
l-phenylethvl bromide (12 ^L) were charged to a dr>' glass tube. A stir bar was added and 
the contents of the tube were degassed by freeze - pump - lhaw (3X). The tube was then 
sealed under vacuum and the tube placed in an oil bath thermostatted at 1 lO^C for 9 hours. 
The contents of the tube had become viscous. The tube was opened and the contents 
dissolved in THE. Conversion of the monomer was 61%. M„ = 6,540; / Mn = 1-15. 

Polymerization with Zero Valent Copper CatalvsKsl 
Qv(0) Alone 
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Example 13 

Bulk Polymerization of Styrene using Cu** / 2, 2' - Bipyridine: Copper powder (6,4 mg), 
2, 2 ■ - bipyridine (46.9 mg), styrene (1.14 ml) and 1 - phenylethyl bromide (13.6 ^tL) were 
charged to a dry glass tube. A stir bar was added and the contents of the tube were degassed 
by freeze - pump - thaw (3X). The tube was then sealed under vacuum and the tube placed in 
an oil bath thermostatted al 1 10**C for seven hours. The contents of the tube had become 
viscous. The tube was opened and the contents dissolved in THF, Conversion of the 
monomer was 81%. M„ = 7,340; M„ / M„ = 1.44. 

Exarpple 14 

Bulk Polymerization of Styrene using Cu° / 4, 4' - di(5 - nonyi) - 2, 2* - Bipyridine: 
Copper powder (6.4 mg}. 4. 4* - di(5 - nonyl) - 2. 2* - bipyridine (81.6 mg), styrene n.l4 mi) 
and 1 - phenylethyl bromide (13.6 mL) were charged to a dry glass tube. A stir bar was added 
and the contents of the tube were degassed by freeze - pump - diaw (3X). The tube was then 
sealed under vacuum and the tube placed in an oil bath thermostatted at 110 °C for seven 
hours. The contents of the tube had become viscous. The tube was opened and the contents 
dissolved in THF. Conversion of the monomer was 98%. M„ = 9,030; M,, / M„ = 1.18. 

Example 1 5 

Bulk Polymerization of Styrene using Cu" /1. 1,4,7,10, 10- Hexamethvltriethylene- 
tetramine: Copper powder (6.4 mg), 1, I. 4. 7. 10, 10 - hexamthyltriethylenetecramine 
(23.0 mg), styrene (1.14 ml) and 1 - phenylethyl bromide (13.6 ^L) were charged to a dry 
glass tube. A stir bar was added and the contents of the tube were degassed by freeze - pump 
- thaw (3X). The tube was then sealed under vacuum and the tube placed in an oil bath 
thermostatted at 1 1 O^'C for two hours. The contenls of the tube had become viscous. The 
tube was opened and the contents dissolved in THF. Conversion of the monomer was 99%. 
H= 12,500; M^/M„=1J8. 
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Example 16 

Bulk Polymerization of Methyl Methacrylate using Cu** / dNbpy: Copper powder (6.4 
mg), 4, 4'-di(5-nonyl)-2,2'-bipyridine (81.6 mg), methyl methacrylate (1.07 ml) and p- 
toluencsulfonyl chloride (19.1 mg) were charged to a dry glass tube. A stir bar was added 
and the contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then 
sealed under vacuum and the tube placed in an oil bath thcrmostatted at 70*0 for 0.5 hours. 
The contents of the tube had become solid. The tube was opened and the contents dissolved 
in THF. Conversion of the monomer was 93%. M„ = 8,360; M,, / = 1 .45. 

Example 17 

Bulk Polymerization of Methyl Methacrylate using Cu" / dNbpy: Copper powder 
(0.6 mg), 4,4*-di(5-nonyl)-2,2*-bipyridine (8.2 mg), methyl methacrylate (1.07 ml) and 
diethyl methyl bromomalonatc (19.1 uL) were charged to a dry glass tube. A stir bar was 
added and the contents of the tube were degassed by freeze - pump - thaw (3X). The tube 
was then sealed under vacuum and the tube placed in an oil bath thermostacied at 70**C for 7 
hours. The contents of the tube had become solid. The tube was opened and the contents 
dissolved in THF. Conversion of the monomer was 8 1 %. M„ = 7,620; M„ / = 1.31. 

E^^^mple 1 8 

Bulk Polymerization of Methyl Acryiate using Cu** / dNbpy: Copper powder (6.0 mg), 
4.4'-di(5-nonyl)-2.2'-bipyridine (8 1 .6 mg). methyi acr>'late ( 1 .07 ml) and diethyl methyl 
bromomalonace (19,1 fiL) were charged to a dry glass tube. A stir bar was added and the 
contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then sealed 
under vacuum and the tube placed in an oil bath thermostancd at 70 "C for 7 hours. The 
contents of the tube had become solid. The tube was opened and the contents dissolved in 
THF. Conversion ofthe monomer was 97%. =14,500; M,^/ H, = 1.31. 

CufOVCurn) 
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Bulk Polymerization of Styrene usipgCu**/ CuBn Copper powder (1. 0 mg). copper (I) 
bromide (6.2 mg), 4, 4* - di(5 - nonyl) -2,T - bipyridine (42.6 mg), styrene (1.14 ml) and 1 - 
phenylethyl bromide (1.2 ^L) were charged to a dry glass tube. A stir bar was added and the 
contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then sealed 
under vacuum and the tube placed in an oil bath themiostatted at 1 IO°C for six hours. The 
contents of the tube had become viscous. The tube was opened and the contents dissolved in 
THF. Conversion ofthe monomer was 57%. M„ = 57,200; M,^/ = 1.33. 

Example 20 

Bulk Polymerization of Styrene using Cu" / CuBr: Copper powder (0.06 mg). copper (I) 
bromide (1.5 mg), 4, 4' - di(5 - nonyl) - 2. 2* - bipyridine (8.2 mg), styrene (1.14 ml) and 1 - " 
phenylethyl bromide (1 3.6 fuL) were charged to a dry glass tube. A stir bar was added and 
the contents of the tube were degassed by freeze - pump - thaw (3X). Tlie tube was then 
sealed under vacuum and the tube placed in an oil bath thermostaned at 1 ICC for seven 
hours. The contents of the tube had become solid. The tube was opened and the contents 
dissolved in THF. Conversion of the monomer was 90%. M„ = 8.970; M,^ / = 1 .08. 

Example 21 

Bulk Polymerization of Styrene using Cu** / CuBr: Copper powder (0.6 mg). copper (I) 
bromide (14.5 mg), 4,4'-dir5-nonYl)-2.2*-bipyridine (82 mg), styrene (1 .14 ml) and 1 - 
phenylethyl bromide (13.6 ^L) were charged to three dry glass tubes. A stir bar was added 
and the contents of the tubes were degassed by freeze - pump - thaw (3X). The tubes were 
then sealed luider vacuum and the tubes placed in an oil bath thermostatted at 1 1 0°C. The 
Dibes were removed periodically from the oil bath and opened and the contents dissolved in 



THF. 



Tirnefmin) 
45 



Conveniion 
0.63 



6.440 



1.09 
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105 
180 



0.75 
0.85 



7,450 
8,360 



1.08 
1.09 



Example 22 

Bulk Polymerization of Methyl Acrylate using Cu° / CuBr: Copper powder (0.06 mg), 
copper (I) bromide (0.6 mg), 4.4'-diC5-nonyl)-2,2'-bipyridine (8.2 mg), methyl acrylate 
(1.07 mi) and methyl 2-bromopropionate (11. 1 jiL) were charged to a dry glass tube. A stir 
bar was added and the contents of the tube were degassed by freeze - pump - thaw (3X). The 
tube was then sealed under vacuum and the tube placed in an oil bath thermostatted at 90 
for three hours. The contents of the tube had become solid. The tube was opened and the 
contents dissolved in THF. Conversion of the monomer was 91%. M„ = 8.830; M„ / M„ = 
1.23. 

Bulk Polymerization of Methyl Acrylate using Cu" / CuBr: Copper powder (2.0 mg). copper 
(I) bromide (3.17 mg), 4,4'-di(5-nonyl)-2,2'-bipyridine (1 8.1 mg), methyl acrylate (1.07 ml) 
and methyl 2 - bromo propionate (1.24 AiL) were charged to a dry glass tube. A stir bar was 
added and the contents of the tube were degassed by freeze - pump - thaw (3X). The tube 
was then sealed under vacuum and the tube placed in an oil bath thenmostatied at 90''C for 
1.5 hours. The contents of the tube had become solid. The tube was opened and the contents 
dissolved in THF. Conversion of tlie monomer was 64%. M„ = 55.900; M,^ / M„ = 1.18. 

E?^am ple ?4 

Bulk PoIymcrLzatioQ of Methyl Acrylate using Cu® / CuBr: Copper powder (3.0 mg), 
copper (I) bromide (3.17 mg), 4,4'-di(5-nonyl)-22'-bipyridinc (18.1 mg), methyl acrylate 
(1 .07 ml) and methyl 2 - bromopropionate (1 .24 ^L) were charged to a dry glass tube. A stir 
bar was added and the contents of the tube were degassed by freeze - pump - thaw (3X). The 
tube was then sealed under vacuum and the tube placed in an oil bath thermostatted at 90*'C 
for 1.5 hours. The contents of the tube had become solid. The tube was opened and the 
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contents dissolved in THF. Conversion of the mononrier was 71%. = 58,400; M,^./ M„ = 
1.18. 

Bulk Polymerization of Methyl Methacrylate using Cu° / CuBn Copper powder 
(0.06 mg), copper (I) bromide (0.6 rag). 4,4'-di(5-nonyl)-2,2''bipyridine (8 J2 mg), methyl 
methacrylate ( 1 .08 ml) and p - tolucnesulfonyl chloride (19 mg) were charged to a dry glass 
tube. A stir bar was added and the contents of the tube were degassed by freeze - pump - 
thaw (3X). The tube was then scaled under vacuum and the tube placed in an oil bath 
thcrmostattcd at 90°C for 3 hours. Hie contents of the tube had become solid. The tube was 
opened and the contents dissolved in THF. Conversion of the monomer was 93%. M„ = 
21,100 ;M,/M„ =2.88. 

Example 26 

Bulk Polymerization of Methyl Methacrylate using Cu* / CuBr: Copper powder 
(0,06 mg), copper (I) bromide (0.6 mg), 4.4'-di(5-nonyl)-2,2'-bipyridine (8.2 mg). methyl 
methacrylate (1.08 ml) and p - tolucnesulfonyl chloride (19 mg) were charged to a dry glass 
tube, A stir bar was added and the contents of the tube were degassed by freeze - pump - 
thaw (3X). The tube was then sealed under vacuum and the tube placed in an oil bath 
thermostatted at 70°C for 3 hours, Tlie concents of the tube had become solid. The tube was 
opened and the contents dissolved in THF. Conversion of the monomer was 8 1 %. = 
7.860 ;M„/M„- 1.09. 

Example V 

Bulk Polymerization of Methyl Aery late using Cu** / CuBn Copper powder (2.0 mg). 
copper (I) bromide (3.17 mg), 4.4*^i(5-nonyl)-2^'-bipyridme (18.1 mg), methyl aery late 
( 1 .07 ml) and methyl 2 - bromopropionate ( 1 .24 /zL) were charged to a dry glass tube. A stir 
bar was added and the contents of the tube were degassed by freeze - pump - thaw (3X), The 
tube was then sealed under vacuum and the tube placed Ln an oil bath therniostatted at 90**C 
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for 1 .5 hours. The contencs of ihc tube had become solid. The tube was opened and the 
contents dissolved in THF. Conversion of the monomer was 64%. M„ = 55,900; / M„ = 
1.18. 

Example 28 

Bulk Polymerization of Methyl Acrylate using Cu° / CuBrjC Copper powder (3,0 mg). 
copper (II) bromide (6.2 mg), 4.4'-di(5-nonyl)-2,2*-bipyridinc (45.3 mg). methyl acrylate 
(1.0 ml) and methyl 2 - bromopropionate (6.2 ^L) were charged to a dry glass tube. A stir 
bar was added and the contents of the mbe were degassed by freeze - pump - thaw (jX). The 
tube was then scaled under vacuum and die tube placed in an oil bath thermostatted at SCC 
for 1 .2 hours. The contents of the tube had become solid. The tube was opened and the 
contents dissolved in THF. Conversion of the monomer was 67%. M„ =1 1.400; M,JM^ = 
1.10. 

E ?<:amp|e 29 

Bulk Polymerization of Styrene using Cu° / CuBrj: Copper powder (10 mg). copper (II) 
bromide (10 rag). 4.4*-di(5-nonyl)-2»2'-bipyridine (71.2 mg), styrene (1.0 mi) and 1- 
phenylethyl bromide (12 ;^L) were charged to a dry glass tube. A stir bar was added and the 
contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then sealed 
under vacuum and the tube placed in an oil bath thermostaned at 1 lO'^C for 3 hours. The 
contents of the tube had become solid. The tube was opened and the contents dissolved in 
THF. Conversion ofthe monomer was 92%. M„ =10.000: M^/ M„ = 1.09. 

E?^9mp|c 30 

Bulk Polymerization of Styrene using Cu** / CuBr,: Copper powder (0.6 mg). copper (11) 
bromide (2.2 mg). 4,4'-di(5-nonyl)-2^'-bipyridine (81.6 mg), styrene (1.14 ml) and l- 
phenylethyl bromide (13.6 mL) were charged to a dry glass tube, A stir bar was added and 
the contents of the tube were degassed by freeze - pump - thaw (3X). The tube was then 
sealed under vacuum and the tube placed in an oil bath thermostatted at 1 lO^C for 7 hours. 
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The contents of the tube had become solid. The tube was opened and the contents dissolved 
inTHF. Conversion ofthc monomer was 84 V M„ «8,520; M„ = 1.49. 
Miscellaneous Zero Valem Metals 



Example 31 

Bulk Polymerization of Styreae using Cr°: Chromium (5.2 mg), 2,2'-bipyridine (46.9 mg). 
smcnc (1.14 ml) and 1-phenylethyi bromide (13.6 mL) were charged to a dry glass tube. A 
stir bar was added and the contents of the tube were degassed by freeze - pump - thaw (3X). 
The tube was then scaled under vacuum and the tube placed in an oil bath thcrmostatted at 
1 ICC for seven hours. The contents of the tube had become solid The tube was opened 
and the contents dissolved in THF. Conversion of the monomer was 93%. M„ = 77^500; M,^ 
/M„ = 2.25. 

E^OTple 33 

Bulk Polymerization of Styrene using Sm": Samarium (15.0 mg). 2,2'-bipyridine 
(46.9 mg), styrene (1.14 ml) and I -pheny lethyl bromide (13.6 ^L) were charged to a dry 
glass tube. A stir bar was added and the concents of the tube were degassed by freeze - pump 
- thaw (3X). The tube was then sealed under vacuum and the tube placed in an oil bath 
thcrmostatted at 1 1 0°C for twelve hours. The contents of the tube had become solid. The 
tube wag opened and the contents dissolved in THF. Conversion of the monomer was 84%, 
.\ I, = 39,800: M„/M, = 2.51. 

E^ampl? 33 

Bulk Polymerization of Styrene using Ni°: Nickel (5.9 mg), 2.2*-bipyridine (46.9 mg). 
styrene (1.14 ml) and 1 -pheny Icdiyl bromide (13.6 ^L) were charged to a dry glass tube. A 
stir bar was added and the contents of the tube were degassed by freeze - pump - thaw (3X). 
The tube was then scaled under vacuum and the lube placed in an oil bath thermostatted at 
llO^'C for three hours. The contents of the tube had become solid. The tube was opened and 
the contents dissolved in THF. Conversion of the monomer was 89%. « 92,900; / M„ 
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= 2J4. 
Example 34 

Bulk Polymerization of Styrene using MnO;: Manganese oxide (8.7 mg). 2.2'-bipyridine 
(46.9 mg), styrene (1.14 ml) and 1-phenylethyl bromide (13.6 ^L) were charged to a dry 
glass tube. A stir bar was added and the contents of the tube were degassed by freeze - pump 

- thaw (3X). The tube y,'zs then sealed under vacuum and the tube placed in an oil bath 
thermostatted at 110**C for founeen hours. The tube was opened and the contents dissolved 
in THF. Conversion of the monomer was 21%. M„ = 31.800; / M„ = 3.14. 

Ej^ample 35 

Bulk Polymerization of Styrene using Mg**: Magnesium (2.4 mg). 2,2'-bipyridine 
(46.9 mg), sr^Tene (1.14 ml) and 1-phenyiethyI bromide (13.6 mL) were charged to a dry 
glass tube. A stir bar was added and the contents of the tube were degassed by freeze - pump 

- thaw (3X). The tube was then sealed under vacuum and the lube placed in an oil bath 
thermostatted at 1 10°C for fourteen hours. The contents of the tube had become viscous. 
The tube was opened and the contents dissolved in THF. Conversion of the monomer was 
50%. M„= 18,300; M,,/M„= 1.81. 

Example 36 

Bulk Polymerization of Styrene using Ag**: Silver ( 1 0,8 mg). 2.2'-bipyridine (46.9 mg), 
styrene (1 .14 ml) and 1-phenylethyl bromide (13.6 uL) were charged to a dry glass tube. A 
stir bar was added £uid the contents of the tube were degassed by freeze - pump - thaw (3X). 
The tube was then sealed imder vacuum and the tube placed in an oil bath thermostatted at 
I lO'C for three hou^s. The contents of the tube had become solid. The tube was opened and 
the contents dissolved in THF. Conversion of the monomer was 81%, hd^ = 25,600; / Hi 
= 2.41. 

Example 37 
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Bulk Polymerization of Styrcnc using Ru°: Ruthenium ( 10. 1 mg). triphcnyi phosphinc 
(78.7 mg), siyrene (1.14 ml) and 1 -phenyleihvl bromide (13.6 ^l) were charged to a dry 
glass tube. A stir bar was added and the contents of the tube were degassed by Freeze - pump 

- thaw (3X). The tube was then sealed under vacuum and the tube placed in an oil bath 
thermostatted at 110°C for twelve hours. The contents of the tube had become solid. The 
tube was opened and the contents dissolved in THF. Conversion of the monomer was 97%. 
M„= 183,500; M^/M,= 1.92. 

Example 38 

Bulk Polymerization of Styrene using Mn**: Manganese (5.5 mg), 2^2 '-bi pyridine 
(46.9 mg), st>Tenc ( L14 mi) and p-loluenesuifonyl chloride (19 mg) were charged to a dr>' 
glass tube. A stir bar was added and the conients of the tube were degassed by freeze - pump 

- thaw (3X). The tube vv-as then sealed under vacuum and the tube placed in an oil bath 
thermostatted at 1 10°C for twelve hours. Tlie contents of the tube had become solid. Tlie 
tube was opened and the contents dissolved in THF. Conversion of the monomer was 95%. 
M„= 15.400; M,,/M, = 2.37. 

En the presence of air/inhibitor 
Exarriple 39 

Bulk polymerization of styrene / l-phenylethylbromide / CuBr, / Cu(0) in the presence 
of air and inhibitor: To a sample vial (approx. 7 mL in volume! was added Cu(Q) (33 mc: 
0.52 mmol), CuBr, (12 mg; 0.054 mmol), 4.4'-di(5-nonyl)-2:2'-bipyridine (107 mg; 
0.262 mmol). l-phenylethylbromide (71.6 0.525 mmol), and styrene (6 mL: 52.4 mmol) 
followed by 0.6 mL of chlorobenzene as an internal reference. All manipulations were 
performed in air. The styrene was unpurificd and contained inhibitor (10-15 ppm 4-rer;- 
butylcatechol). The sample vial was charged with a stir bar and then fitted with a rubber 
septum. The vial was then immersed in an oil bath and held by a thermostat at 1 10 C with 
rigorous srirring. At various times, samples were taken via syringe and quenched with THF, 
The volume lost by sample removal was replaced with argon. The samples were used to 
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monitor monomer conversion relative co the internal reference (GC) and molecular weight 
(SEC). 



Time (min) 


% Conversion 


M„(SEC) 


M„(th) 




ln([My[M]0 


30 


15 


1970 


1589 


1.22 


0.163 


50 


28.5 


3290 


3018 


1.17 


0J35 


65 


33 


4350 


3495 


1.13 


0.400 


80 


42 


5350 


4448 


I.IO 


0.545 


90 


51 


6300 


5401 


I.IO 


0.713 


105 


64 


7280 


6778 


1.14 


1.022 


130 


82 


9160 


8684 


1.17 


1.715 



gxample 40 

Duik polymerization of Methyl Acrylate / methyl 2-bromopropionate / CuBr, / Cu(0) in 
the presence of air and inhibitor: To a sample vial (approx. 7 mL in volume) was added 
Cu(0) (21 mg; 0.33 mmol), CuBr, (7.4 mg; 0.033 mmol). 4.4'-di(5-nonyl)-2,2'-bipyridinc 
(68 mg; 0. 166 mmol), methyl 2-bromopropionate (37 f^L; 0.33 mmol) and methyl acrylate 
(6 mL; 66.6 mmol) followed by 0.6 mL of chlorobenzcne as an internal reference. All 
manipulations were performed in air. The methyl acr>'late was impuiified and contained 
stabilizer (200 ppm hydroquinone monomcthyl ether). The sample vial was charged with a 
stir bar and then fitted with a rubber septum. The vial was then immersed in an oil bath and 
held by a thermostat at 80°C with riuorous stirring. At various times, samples were taken via 
syringe and quenched with THF. Tlie volume lost by Scunple removal was replaced with 
argon. The samples were used to monitor monomer conversion relative to the internal 
reference (GC) and molecular weight (SEC). 



Time (min) 


% Conversion 


M„(SEC) 


NUth) 




lnC[M]^[M].) 


75 


10 


4640 


1740 


1.51 


0.105 


95 


33 


7760 


5742 


1.42 


0.400 


105 


44 


9500 


7656 


1.36 


0.580 


115 


55 


10570 


9570 


1.32 


0.799 


140 


74 


12940 


12876 


1.26 


1.347 
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Bulk polymerization of styrene / l-phenylethylbromide / CuBr^ / Cu(0) in the presence 
of air and inhibitor with I micron copper powden To a sample vial (approx, 7 mL in 
volume) was added Cu(0) (1 micron copper powder) (33 mg; 0.52 mmol), CuBr, (12 mg; 
0.054 mmol). 4. 4' - di(5-nonyl) - 2, 2' - bipyridinc (107 mg; 0.262 mmol). l- 
phenylethylbromide (71.6 ^L; 0.525 mmol), and styrene (6 mL: 52.4 mmol) followed by 0.6 
mL of chiorobenzene as an internal reference. All manipulations were performed in air. The 
styrene was unpurified and contained inhibitor (10-15 ppm 4-/er/-butylcatechol). The sample 
vial was charged with a stir bar and then fitted with a rubber septum. The vial was then 
immersed in an oil bath and held by a thermostat at 1 10**C with rigorous stirring. At Vcirious 
limes, samples were taken via syringe and quenched with THF. The volume lost by sample 
removal was replaced with argon. The samples were used to monitor monomer conversion 
relative to the internal reference (GC) and molecular weight (SEC). 



Time (min) 


% conversion 


M„(SEC) 


M„(th) 




ln([M]^[M].) 


10 


16 


2350 


1694 


1.41 


0,174 


20 


32 


4670 


3389 


1.23 


0.386 


35 


61 


8550 


6460 


1.27 


0.942 


50 


76 


10900 


8048 


1.42 


1.427 


70 


85 


11700 


9002 


1.53 


1.897 



Example 42 

Bulk polymerization of styrene / l-phcnyicthylbromide / CuBr, / Cu{0) in the presence 
of air and inhibitor ^wiiIt a reduced amount of I micron copper powder: To a sample vial 
(approx. 7 mL in volume) was added Cu(0) (1 micron copper powder) (20 mg; 0.32 mmol), 
CuBr. (12 mg; 0.054 mmol), 4, 4' - di(5-nonyl) - 2, 2* - bipyridine (107 mg; 0,262 mmol). 1- 
phenylethyibromide (71.6 ^L; 0.525 mmol), and styrene (6 mL; 52.4 mmol) followed by 
0.6 mL of chloro benzene as an internal reference. All manipulations were performed in air. 
The styrene was unpurified and contained inhibitor (10-15 ppm 4-rerr-butylcatechol). The 
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sample vial was charged with a stir bar and then fined widi a rubber sepium. The viai was 
then immersed in an oil bath and held by a thermostat at 1 10*'C with rigorous stirring. At 
various limes, samples were taken via syringe and quenched with THF. The volume lost by 
sample removal was replaced with argon. The samples were used to monitor monomer 
conversion relative to the internal reference (GC) and molecular weight (SEC). 



Time (rmn) 


% conversion 


M„(SEC) 


M„(th) 




ln([M]y(M],) 


10 


14 


2000 


1483 


1.45 


0,151 


27 


33 


4450 


3495 


1.22 


0.400 


45 


52 


7170 


5507 


1.16 


0.734 


60 


55 


7830 


5825 


1.15 


0.799 


80 


57 


7900 


6036 


1.15 


0.844 


120 


58 


8150 


6142 . 


LI4 


0.868 ! 



Example 43 

Bulk polymerization of styrene / l-phenylethylbromide / CuBr, / Cu(0) in the presence 
of air and inhibitor with -ISO mesh copper powder: To a sample vial (approx. 7 raL in 
volume) was added Cu(0) (-1 50 mesh copper powder) (33 mg; 0.52 mmol). CuBr^ (12 mg; 
0.054 mmol), 4, 4' - di(5-nonyl) - 2, 2' - bipyridine (107 mg; 0.262 mmol), 1 - 
phenylethylbromide (71.6 fxL; 0.525 mmol), and styrene (6 mL; 52.4 mmol) followed by 0.6 
mL of chlorobenzene as an internal reference. All manipulations were performed in air. The 
styrene was unpurified and contained inhibitor (10-15 ppm 4-/er/-buiylcatechoI). The sample 
vial was charged with a stir bar and then fitted with a rubber septum. The vial was then 
immersed in an oil bath and held by a thermostat at I ICC widi rigorous stirring. At various 
times, samples were taken via syringe and quenched with THF. The volume lost by sample 
removal was replaced with argon. The samples were used to monitor monomer conversion 
relative to the internal reference (GC) and molecular weight (SEC), 
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Time (min) 


% conversion 


M„(SEC) 


M„(th) 




la([M]y[M],) 


53 


21 


2850 


2224 


121 


0.236 


115 


54 


6860 


5719 


1.09 


0.777 


145 


60 


. 7450 


6354 


1.09 


0.916 


235 


67 


8080 


7095 


1.09 


1.109 


960 


98 


7680 


10378 


1.12 


3.912 



Ex^mpjg 44 

Bulk polymerization of Methyl Acryiate / methyl 2-broraopropionate / Cu(OTf)j / Cu(0) 
in the presence of air and inhibitor with triamine llgandi To a sample vial (approx. 7 mL 
in volume) was added Cu(0) (21 mg; 0.33 mmol), Cu(OTf)2 (12 mg; 0.033 mmol), A'. N, N\ 
A". A^'-PentamcthyidiethylcncLriamine (14 uL: 0.067 mmol), methyl 2-bromopropionace (37 
/J.L; 0.33 mmol) and methyl acryiate (6 mL; 66.6 mmol) followed by 0,6 mL of 
chlorobcnzcnc as an internal reference. All manipulations were performed in air. Tlie methyl 
acryiate was unpurified and contained stabilizer (200 ppm hydroquinone mo no methyl ether). 
The sample vial was charged with a stir bar and then fitted with a rubber sepaim. The vial 
was then immersed in an oil bath and held by a thermostat at SO^C with rigorous stirring. At 
various times, samples were taken via syringe and quenched with THF. Tlie volume lost by 
sample removal was replaced with argon. The samples were used to monitor monomer 
conversion relative to the internal reference (GC) and molecular weight (SEC). 



Time (min) 


% conversion 


M,(SEC) 


M«(th) 


MJM, 


ln([M]y[M],) 


15 


14 


4210 


2436 


1.69 


0.151 


30 


26 


5060 


4524 


1,44 


0.301 


45 


41 


5470 


7134 


1,28 


0.528 


60 


50 


6650 


8700 


1.21 


0.693 


75 


58 


6910 


10092 


1.28 


0.868 


90 


70 


8190 


I2I80 


1.31 


1.204 


105 


79 


9130 


13746 


1.28 


1.561 


140 


87 


10030 


15138 


1.14 


2.040 
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Ex^ple 45 

Bulk polymerization of Methyl Methacryiate / Tosyl Chioride / CuBrj / Cu(0) in the 
presence of air: To a sample vial (approx. 7 mL in volume) was added Cu(0) (9.0 mg; 0.14 
mmol), CuBfi (6.3 mg; 0.028 mmol), 4, 4* - di(5-nonyl) - 2, 2' - bipyridine (28.6 mg; 0.07 
mmol), tosyl chloride (26.7 mg; 0.14 mmoi), o-xylene (3 ml) and methyl methacryiate (3 mL; 
28.1 mmol) followed by 0.6 mL of chlorobenzcne as an internal reference. Ail manipulations 
were performed in air. The sample via! was charged wiih a stir bar and then fitted wirh a 
rubber septum. Tlie vial was then immersed in an oil bath and held by a dicrmostat at 90°C 
with rigorous stirring. At various times, samples were taken via syringe and quenched with 
THF. The volume lost by sample removal was replaced with argon. The samples were used 
to monitor monomer conversion relative to the internal reference (GC) and molecular weight 
(SEC). 



Time (min) 


% Conversion 


M„(th) 


m;,(sec) 




60 


20 


4,200 


6,300 


1.31 


90 


35 


7,200 


10,000 


L17 


125 


51 


10,400 


13,600 


1.16 


145 


54 ■ 


11,000 


15,500 


1.16 


170 


63 


12,750 


17,300 


1.15 


190 


68 


13.900 


18,700 


1.15 


220 


74 


15,000 


20.000 


1.15 


250 


81 


16.500 


21.200 


1-16 



E;^amplg 46 

Bulk polymerization of Methyl Methacryiate / Broraopropiononitrile / CuBtj / Cu(0) in 
the.preseace of aii": To a sample vial (approx. 7 mL in volume) was. added Cu(0) (9.0 mg; 
0.14 ramoO. CuBrj (6.3 mg; 0.028 mmol), 4. 4* - di(5-nonyl) -2, 2' - bipyridine (28.6 mg; 
0.07 mmol), bromopropionitrile (12.1 jxL, 18.8 mg; 0.14 rmnol), o-xylenc (3 ml) and methyl 
methacryiate (3 mL; 28.1 mmol) followed by 0.6 mL of chlorobenzene as an internal 
reference. All manipulations were performed in air. The sample vial was charged with a stir 
bar and then fitted with a rubber septum. The vial was then immersed in an oil bath and held 
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by a chermostat at 90°C with rigorous siiiring. At various times, samples were taken via 
syringe and quenched with THF. The volume lost by sample removal was replaced with 
argon. The samples were used to monitor monomer conversion relative to the internal 
reference (GC) and molecular weight (SEC). 



Time (min) 


% Conversion 


M„(th) 


M„(SEC) 


1.20 


60 


62 


12,600 


16,500 


80 


71 


14,400 


18,600 


1.24 


100 


78 


15.600 


20,200 


1.27 


135 


85 


17,000 


20,300 


1.31 



Example 47 

Bulk polymerizarion of Methyl Methacrytate / Ethyl 2-bromoisobutYrate / CuBr, / 
Cu(0) in the presence of air: To a sample vial (approx. 7 mL in volume) was added Cu(0) 
(9.0 mg; 0.14 mmol), CuBr, (6.3 mg; 0.028 mmol). 4, 4' - di(5-nonyl) - 2, 2' - bipyridinc 
(28.6 mg; 0,07 mmol), ethyl 2-bromoisobiicyrate (20.5 ^L, 27.3 mg; 0.14 mmol), o-xylene (3 
ml) and methyl meihacrylate (3 mL; 28.1 mmol) followed by 0.6 mL of chlorobenzene as an 
internal reference, AH manipulations were performed in air. The sample vial was charged 
with a stir bar and then fined with a rubber septum. The vial was then immersed in an oil 
bath and held by a thermostat at 90°C with rigorous stirring. At various times, samples were 
taken via syringe and quenched with THF. Tlie volume lost by sample removal was replaced 
with argon. The samples were used to monitor monomer conversion relative to the internal 
reference (GC) and molecular weight (SEC). 



Time (min) 


% Conversion 


M,(th) 


M„(SEC) 




40 


32 


6,580 


8,600 


1,21 


60 


54 . 


11,000 


13.000 


1.24 


80 


69 


13,900 


16,100. 


1,27 


110 


83 


16,800 


19.600 


1,32 


140 


89 


18,000 


20,600 


1,42 
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Example 48 

Bulk polytnerization of Methyl Methacrylatc / Tosyi Chloride / CuBr in the presence of 
air: To a sample vial (approx. 7 mL in volume) was added CuBr (40.7 mg; 0.28 mmol), 4, 4' 
- di(5-nonyl) - 2, 2' - bipyridinc (228 mg; 0.56 mmol), tosyl chloride (26.7 mg; 0.14 mmol), 
o-xylene (3 ml) and methyl methacr>'late (3 mL; 28.1 mmol) followed by 0.6 mL of 
chlorobenzene as an internal reference. All manipulations were perfonned in air. The 
sample vial was charged with a stir bar and then fitted with a rubber seprum. The vial was 
then immersed in an oil bath and held by a thermostat at 90*'C with rigorous stirring. At 
various times, samples were taken via syringe and quenched with THF. The volume lost by 
sample removal was replaced with argon. The samples were used to monitor monomer 
conversion relative to the internal reference (GC) and molecular weight (SEC). 



Time (h) 


% Conversion 


M„(th) 


M„(SEC) 




1.0 


32 


6.600 


9.300 


1,09 


2.0 


48 


9,800 


13,100 


1.10 


3.8 


63 


12,800 


16,600 


1.12 


6.0 


78 


15,800 


18,500 


1,15 


8.0 


84 


17,000 


20,300 


1.13 


U.O 


89 


17.900 


20,400 


1.16 



Example 49 

Bulk polymerization of stvrene / l-phenyiethylbromide / FeBrj / Fe(0) in the presence of 
air: To a sample vial (approx. 7 mL in volume) was added Fe(0) (49.1 mg; 0.88 mmol). 
FeBrj (26 rag; 0.088 mmol), 4, 4* - di(5-nonyl) - 2, 2' - bipyridine (1077 mg; 0.264 mmol), 1- 
phenylethylbromide (60 mL; 0.44 mmol), and styrenc (5 mL; 45.4 mmol) followed by l.O mL 
of chlorobenzene as an internal reference. All manipulations were performed in air. The 
styrenc was previously distilled from calcium hydride. The sample vial was charged with a 
stir bar and then fitted with a rubber septum. The vial was then immersed in an oil bath and 
held by a thermostat at 1 10**C with rigorous stirring. At various times, samples were taken 
via syringe and quenched with THF. The volume lost by sample removal was replaced with 
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axgoa. The samples were used to monitor monomer conversion relative to the internal 
reference (GO and molecular weight (SEC). 



Time (h) 


% Conversion 


M„(th) 


M„(SEC) 




2.5 


0 








3.5 


27 


3,000 


3,480 


134 


. 5.0 


70 


7,460 


7,580 


i.I5 


6.5 


86 


9.100 


8.690 


1.16 



Exgmplg 50 

Bulk polymerization of styrene / l-phenylethylbroraide / FeBfj / Fe(0) in the presence of 
air and inhibitor: To a sample vial (approx, 7 mL in volume) was added Fc(0) (49.1 mg; 
0.88 mmol). FeBrj (26 mg; 0.088 mmol), 4. 4* - di(5-nonyl) - 2. 2' - bipyridine (1077 mg; 
0.264 mmol), 1-phenylcthylbromidc (60 mL; 0.44 mmol), and styrcnc (5 mL; 45.4 mmol) 
followed by 1.0 mL of chlorobenzene as an internal reference. All manipulations were 
performed in air. The styrene was unpurificd and contained inhibitor (10-15 ppm 4-(err- 
butylcatechol). The sample vial was charged with a stir bar and then fitted with a rubber 
septum. The vial was then immersed in an oil bath and held by a thermostat at I lO^C with 
rigorous stirring. At various times, samples were taken via syringe and quenched with THF. 
The volume lost by sample removal was replaced with argon. The samples were used to 
monitor monomer conversion relative to the internal reference (GC) and molecular weight 
(SEC). 



Time (h) 


% Conversion 


K(th) 


M,(SEC) 




3 


0 








4 


18 


2,100 


3,600 


1.47 


5 


41 


4.450 


6,500 


1.27 


6 


64 


6,800 


9,800 


1.16 


7 


81 


8,600 


11,700 


1.16 



Preparation of R-ONR, 
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Example 51 

Coupling of 1-Phenylethyi radicai with TEMPO; preparation of l-(2^,6,6- 
TetramethIpiperidinyloxy)-l-phenYlethane: To a reaction tube was added a stir bar, Cu(0) 
(0.8 mmol, 0.05 1 g), CuCOTf). (3 mg; 0.008 mmol), 4, 4' - di(5-nonyl) - 2. 2' - bipyridine (14 
mg; 0.033 mmol), TEMPO (0.23g; 1.47 mmol) and l.O mL of benzene. The tube was frozen 
in liquid nitrogen and then 1-PhenylethyIbromide (100 ^L; 0.733 mmol), was added via 
syringe. The solution was then degassed by three freeze-vacuimn-thaw cycles and sealed 
under vacuum. The lube was then immersed in an oil bath and held by a thermostat at 90 °C. 
with rigorous stirring. The tube was heated for 2 hours and then the tube was broken and the 
contents were loaded on a short plug of alumina and eluted with THF. The volatiles were 
removed on a rotary evaporator leaving a viscous orange liquid. This orange liquid was 
loaded on an alumina column and was eluted with a 9:1 hexancsiCH^CU elucnt mixture. 1 - 
(2,2,6.6-Tetramethlpiperidinyloxy)- 1 -phenyl ethane eluted as a colorless fraction before the 
orange fraction of excess TEMPO. Solvent was removed resulting in 0.172 g (69%) of 1- 
(2,2.6.6-Tetramethlpiperidinyloxy)-l -phenylethane. Product was characterized by 
comparison of the NMR spectmm with that in the literature. 

Other alkyl halides used to prepare alkox>' amines; 

Reaction conditions were similar as for 1-phenylethyl bromide but with different alkyl halide. 
Each reaction showed 100% conversion of the stoning alkyl halide and little to no side- 
products (due to radical couplinG/disproportionaiion reactions between alkyl radicals) were 
observed in the proton NMR spectra (prior to isolation). 

Coupling of methyl-2-bromopropionate with TEMPO: (CDClj) 6: 4.33 ppra (q, 
IH, Vhh = 7 Hz); 3.27 ppm (s, 3H); 1.44, 1.12, 1.02 ppm (br. 18 H); 1.40 ppm (d, 3H, V„h = 
7 Hz). 

Coupling of 2-bromopropionitrileAvith TEMPO: (CDClj) 6: 4.64 ppm (q, IH, 
Vhh = 7 Hz); 1.56 (d, 3H. Vhh = 7 Hz); 1.60-1.30 ppm (m. 2H); 1.50 ppm (nu 4H); 1.34, 
1.16, 1.11, 1.10 ppm (each as, each 3 H). 

Coupling of ethyl-2-bromoisobutyrate with TEMPO: (CDClj) 6: 4.17 ppm (q. 
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2H. Vh„ = 7Hz); 1 .61-1.36 ppra (m, 4H); 1.48 ppm (s, 6H); 1.35-1.21 ppm (m, 2H); L29 
ppm (I. 3H, = 7 Hz); 1.16 ppm (s. 6H); 1.02 ppm (s. 6H). 

Coupling Reactions 
Example 52 

Coupling of 1-PhenylethyI radicals: To a reaction tube was added Cu(OTf), (3 mg; 0.008 
mmol). 4. 4* - di(5-nonyl) - 2, 2' - bipyridinc (14 mg; 0.033 mmoi), Cu(0) (49 mg; 0.770 
mmol). 1-Phenylethyibromide (100 fiL; 0.733 mmol), and I niL of benzene-d^. The reaction 
solution was degassed by three freeze- vacuum- thaw cycles and sealed under vacuum. The 
tube was then irrunersed in an oil bath and held by a thermostat at 90**C with rigorous 
stirring. The tube was heated for 2 hours and then the tube was broken and the contents were 
loaded on a shon plug of alumina and eluted with 0.5 mL of benzene-d^. The NMR spccirum 
was recorded. Complete conversion of l-Phenylelhylbromide was observed and 90% of the 
product mixture was the coupling product. The other 10% consisted of styicnc and 
ethylbenzene present as disproporrionation products. 

Example 53 

Coupling of bromine terminated polystyrene chains (pS-Br) with 

Cu(OT02/Cu(0)/dNbpy: To a reaction tube was added bromine-terminated polystyrene (pS- 
Br: M„= 1040; M,/M„ =1.12) formed from the ATRP of styrene / 1-Phenylethyibromide 
(25 mg; 0.024 mmol), CufOTO: (2.2 mg; 0.006 mmol). dNbpy (10 mg; 0.024 mmol). Cu(0) 
(2.3 mg; 0.036 nmiol) and 1.5 mL of benzene. A stir bar was added, and the tube was 
degassed by three freeze- vacuum-thaw cycles and sealed under vacuum. The tube was then 
immersed in an oil bath amd held by a thermostat at 90*" C with rigorous stirring. The tube 
was heated for 2 hours and then the tube was broken and the contents were loaded on a short 
plug of alumina and eluted with THF. The volatiles were removed on a rotary evaporator and 
the resulting oil was precipitated in cold methanol. The precipitate was collected by gravity 
filtration and was analyzed by SEC (M„ = 2230; MJM^ =1.18). 
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Coupling of bromine terminated difunctional polystyrene chains (Br-pS-Br) generated 
in siiu: To a 10 mL Schlcnk flask was added a,a'-Dibromo-/7-xyiene (46 mg; 0.174 mmol) 
Cu(OTf): (6 mg; 0.017 mmol). dNbpy (29 mg; 0.071 mmol), Cu(0) (100 mg; 1.57 mmol). 
styrene (2.0 mL; 17.5 mmol) and 3.0 mL of benzene. A stir bar was added and then the 
solution was degassed by three freeze-vacuum-thaw cycles and put under argon. The flask 
was then immereed in an oil bath and held by a diermostat at n0'*C with rigorous stirring. 
The solution was heated for 24 hours and then the contents were loaded on a short plug of 
alumina and eluted with THF. The polymer was analyzed by SEC (M„ = 36,000; MJM^ = 
3.91). 



Examplg p5 

Coupling of bromine terminated difunctional polystyrene chains (Br-pS-Br): A reaction 
tube was charged with Br-pS-Br (M, = 15900; M.yH, = 1.20) (70 mg; 0.0044 mmol). 
Cu(0Tf)2 (3 mg; 0.008 mmol), 4, 4' - di(5-nonyl) - 2. 2' - bipyridine (12 mg; 0.029 mmol), 
Cu (0) (copper bronze) (3mg, 0.045 mmol) and 1 mL of benzene as solvent. The reaction 
solution was degassed by three freeze-vacuum-thaw cycles and sealed under vacuum. The 
reaction lube was then heated to 1 lO'C for 1 7 h. The tube was then broken and the contents 
run through a short plug of alumina and eluted with THF. The sample was analyzed by GPC: 
M„ = 25,000. K/M„= 1.96. 

Polymerization of AB* monomers using Zero Valent Metals 
Example 56 

Polymerization of BPEA; To a 5 mL round bottom flask with magnetic stir bar was added 
dNbpy (0.34 g, 0.83 mmol). Cu(I)Br (0.04 g, 0.272 mmol), micron mesh-Cu(O) (0.0 17g, 0.27 
mmol) and p-dimethoxy benzene (0.5 g) as an intemal standard for GC. The flask was then 
fitted with a rubber septum and evacuated and backfilled with (3x). Degassed BPEA 
(27 mmol, 4.5 mL) was then added to the reaction vessel via syringe and allowed to stir at 
room temperature. Samples were periodically removed to monitor conversion (by 'H NMR, 
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GC) and evolution of molecular weighis(SEC). 'H NMR was perfonned on a 300 MHz 
Brukcr NMEl, GC was performed on a Shimadzu GC-14A. Molecular weights were 
determined by SEC. M„ = 4,000; M,,/M„ = 7.0 

Example 57 

Polymerization of BIEA: To a 5 mL round bottom flask with magnetic stir bar vvas added 
dNbpy (0.34 g. 0,83 mmol). Cu(I)Br (0.04 g. .272 mmol), micron mesh-Cu(O) (0.0 1 7g. 0.27 
mmol) and p-dimethoxy benzene (0.5 g) as an internal standard for GC. The flask was then 
fitted with a rubber septum and evacuated and backfilled with Nn (3x). Degassed BIEA (27 
mmol, 4.7 mL) was then added to the reaction vessel via syringe and allowed to stir at room 
tcmperamrc. Samples were periodically removed to monitor conversion (by 'H NMR, GC) 
and evolution of molecular weights(SEC^. 'H NMR was performed on a 300 MHz Brukcr 
NMR. GC was performed on a Shimadzu GC-1 4 A. Molecular weights were determined by 
SEC. M„ = 2,700, M,,yM„ = 3,25 

Example 58 

Polymerization of BPEM; To a 5 mL round bottom flask with magnetic stir bar was added 
dNbpy (0.34 g, 0.83 mmol), Cu(I)Br (0,04 g, ,272 mmol), micron mesh-CuCO) (0.0 1 7g, 0.27 
mmol) and p-dimethoxybenzene (0,5 g) as an internal standard for GC. The flask was dien 
fitted mth a rubber septum and evacuated and backfilled with Ni (3x). Degassed BPEM (27 
mmoL 4.75 mL) was then added to the reaction vessel via syringe and allowed to stir at room 
temperature. Samples were periodically removed to monitor conversion (by 'H NMR. GC) 
and evolution of molecular weights(SEC). 'H NMR was performed on a 300 MHz Bruker 
NMR, GC was performed on a Shimadzu GC-14A. Molecular weights were determined by 
SEC. M, = 6800; M,/M„ = 3.0. 

Example 59 

Polymerization of BIEM, To a 25 mL round bottom flask with magnetic stir bar was added. 
dNbpy (0,059 g, 0.163 mmol), Cu(I)Br (0.0083g, 0.054 mmol). Cu(0)-tuming (0.54 g) and p- 
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dimcthoxybcnzcnc (0.5 g). The flask was then fined with a rubber sepcum and evacuated and 
backfilled with N, (3x). Dry, degassed benzenc(5 mL) and degassed BIEM (27 mmol. 5.3 
mL) were then added via syringe and stirred at room temperature. = 6,300, MJM^ = 1.5. 

New Metal Centers 
Iron (II) X: 
Styrene 

E?caniple go 

Bulk Polymerization using FeBr, / dNbpy: The following reagents were u:ansferTed into 
glass tubes purged with argon: 1 9.0 mg (8.73 .x 10'^ mmol) of FeBr,. 1,0 ml (8,73 mmol) of 
styrene. 12.0 ul(8.73x 10'^ mmol) of 1-phenyIethyl bromide and 7 1 .2 mg(17.5x 10"- mmol) 
of 4.4'-di(5-nonyl)-2»2'-bipyridine. Each tube wa.s degassed three times by "freeze-pump- 
thaw" cycles and sealed under vacuum. Tlie tubes were placed in an oil bath thermostated at 
n0**C and were removed from the oil bath at timed intervals. 



Sample 


TimeChr) 


Conv, r%> 




Mn (GVQ) 


Mw / Mn 


I 


3.0 


13.9 


1,400 


1.600 


1.25 


2 


6.8 


26.3 


2,700 


2.700 


1.20 


3 


12.0 


37,8 


3.900 


4.200 


1.16 


4 


21.0 


64.0 


6.700 


6.500 


1.27 ; 



MM A 
Example 6 i 

Solution Polymerization with FeBr,/ 4,4'-di(5-nonyl)-2^*-bipyridine / p-toluenesulfonyl 
chloride: 62.5 mg (0,29 mmol) FcBri, 4.5 ml(42.1 mmol) methyl methacrylate . 1 18.3 mg 
(0.29 mmoi) 4.4*-di(5-nonyl)-2.2'-bipyridine. and 4.0 ml p-xylene were added to a dry 
round-bocctomed flask under an argon aonosphere. 55.3 mg (0.29 mmol) p-tolucnesulfonyl 
chloride in 0.5 ml methyl methacrylate was added to the flask which was then immersed in 
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an oil bath thcrmostatcd at 90 '^C. A positive argon pressure was maintained throughout the 
reaction and samples were withdrawn at linied intervals. 



Sample 


Time ih) 


Conversion 


Mn, Cal 


Mn, SEC 


Mw / Mn 


I 


0.75 


21.2 


3,400 


5,400 


1.27 


2 


1.8 


43.6 


7.100 


9,400 


1.25 


3 


3.2 


67.5 


11,000 


13.100 


1,25 


4 


4.21 


77.1 


12.500 


15,100 


1.25 


5 


5.3 


84.4 


13,700 


16.300 


1.25 


6 


6.3 


87.7 


14.200 


15,700 


1.29 I 

i 



E;^qmp|e 62 

Solution Poh'merization with FeBr,/ 4,4*-di(5-nonYl)-2,2'-bipyridine / raethansulfonvl 
chloride: 62.5 mg (0.29 mmol) FeBr,. 4.5 mIC42.1 mmol) methyl methacrylate . II 8.3 mg 
(0.29 mmol) 4,4'-di(5-nonyl)-2.2*-bipyridine, and 4.0 ml p-.xylcnc wcrs added to a dry 
round-botttomed flask under an argon aunosphere. 33.2 mg (0.29 mmol) methanesuifonyl 
chloride in 0.5 ml methyl methacrylate was added to the flask which was then immersed in 
an oil bath thcrmostated at 90*'C. A positive argon pressure was maintained throughout the 
reaction and samples were withdrawn at limed intervals. 





Time fh) 


Conversion 

(Vo) 


Mn, Cal 


Mn.SEC 


iVtw/Mn 


I 


0.8 


25.0 


4,000 


5.200 


1.31 


2 


1.8 


41.0 


6,600 


8.400 


1.25 


3 


3.2 


57.6 


9.300 


11,100 


1.24 


4 


4.2 


,66.9 


10,800 


11,800 


1.25 


5 


5.3 


73.4 


IU900 


13,500 


1.24 


6 


6.3 


76.8 


12.400 


13.600 


1.25 


7 


8.5 


81.9 


13J0O 


13,600 


1.31 
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Solution Polymerization with FeBn/ 4,4*-di(5-nonyI)-2^*-bipyridine / ethyl 2 - 
bromoisobutyrate: 62.5 mg (0.29 mmol) FeBr,, 4,5 mi(42. 1 mmol) methyl mcthacrylate . 
1 18.3 mg (0.29 mmol) 4.4'-di(5-nonyl)-2^'-bipyridine, and 4.0 ml p-xylene were added to a 
dry round-botttomcd flask under an argon atmosphere. 42.6 ^il (0.29 mmol) ethyl 2- 
bromoisobutyrate in 0.5 ml methyl meihacr>'late was added to the flask which was then 
immersed in an oil bath thermostated at 90 °C. A positive argon pressure was maintained 
throughout the reaction and samples were withdrawn at dmed intervals. 



Sample 




Conversion 


Mn, Cal 


Mn, SEC 


Mw / Mn 


I 


0.3 


24.0 


3,900 


7,500 


1.39 ! 


r— '■■ ■ 
2 


0.9 


45.4 


7.300 


10.200 


1.34 i 


3 


L2 


56.8 


9.200 


11.100 


1.34 j 


4 


1.8 


68.5 


11.100 


11,900 


L33 1 


5 


2.7 


' 80.0 


13.000 


14,100 


1.31 ! 


6 


3.5 


85.6 


13.900 


13,300 


1.32 


7 


4.2 


87.3 


14.100 


13,600 


1.35 


8 


4.3 


89.0 


14,400 


13.600 


1.34 



Example 64 

Solution Polymerization with FcBr, / 4,4'-d!(5-nonYi)-2,2'-bipyndinc / 2 - 
bromopropionitrile: 62.5 mg (0.29 mmol) FeBcj. 4.5 ml(42,l mmol) methyl methacrylatc , 
1 18.3 mg (0.29 mmol) 4.4'-di(5-nonyl)-2.2'-bipyridine. and 4.0 ml p-.\ylene were added to a 
dry round-botttomcd flask under an argon atmosphere. 25.1 (0.29 mmol) 2- 
bromopropionitrile in 0.5 ml methyl methacrylate was added to the flask which was then 
immersed in an oil bath thermostated at 90*C. A positive argon pressure was maintained 
throughout the reacdon and samples were withdrawn at timed intervals. 
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Sample 


Timefh^ 


Conversion 

1 fO 1 


Mn, Cal 


Mn, SEC 


Mw / iMn 


1 


0.3 


21.1 


3,40 


5.000 


1.38 


2 


0.9 


39.6 


6,400 


7J00 


L25 


3 


1.2 


48.6 


7,800 


8,900 


1.23 


4 


1.9 


61.5 


9.900 


10,500 


1.20 


5 


2.7 


73.1 


11.800 


IL600 


1.20- j 


6 


3.5 


80.3 


13.000 


12,600 


1.21 1 


7 


4.3 


86.2 


13,900 


12,700 


1,23 ! 


8 


6.0 


91.0 


14.700 


12,600 


1.28 



Example 65 

Solution Polymerization with FcBr,/ 4,4'-di(5-noayl)-2,2'-bipyridine / methyl a - 
bromophenylacetate: 62.5 mg (0.29 mmol) FeBr^. 4.5 ml(42.l mmol) methyl mcchacrylatc . 
1 18.3 mg (0.29 mmol) 4,4'-di(5-nonyl)-2.2'-bipyridine. and 4.0 ml p-xylene were added to a 
dry round-bo cttomcd flask under an argon atmosphere. 66.4 mg (0.29 mmol) methyl - 
bromophenylacetate in 0.5 ml methyl methacrylate was added to the flask which was then 
immersed in an oil bath thermoscated at 90 °C. A positive argon pressure was maintained 
throughout the reaction and samples were withdrawn at timed intervals. 



Sample 


Time fh) 


Conversion 
L%1 


Mn, Cal 


Mn, SEC 


i 
i 


I 


0.3 


4.5 


700 


1,000 


1,28 i 


2 


0.7 


8.2 


IJOO 


IJOO 


1.26 


3 


1.2 


11.3 


K800 


iJOO 


1.25 


4 


1.8 


17.3 


2,800 


2,400 


1.21 


■ 5 


2.6 


24.5 


4,000 


3.300 


1.18 


6 


4.0 


35.2 


5J00 


5.500 


1.14 


7 


8.5 


61.8 


10,000 


8.100 


1.16 


8 


10.8 


70.6 


11,400 


8.500 


1.19 


9 


18.3 


75.2 


12^200 


9.000 


L27 
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Example 66 

Solution Polymerization with FeBr,/ 4,4'-di(5-nQnyl)-2,2*-bipyridine / 
bromodiphenyimethane: 62.5 mg (0.29 mmoi) FeBr^ 4.5 ml(42.l ramoi) methyl 
methacrylate . 118 J mg (0.29 mmol) 4»4'-di(5-nonyi)-2;2'-bipyridine. and 4.0 ml p-xylene 
were added to a dry round-bo tttomed flask under an argon atmosphere. 7 1 .7 mg (0.29 mmol) 
bromodiphenyimethane in 0.5 mi methyl methacrylate was added to the flask which was 
then immersed in an oil bath thcrmostatcd at 90 °C. A positive argon pressure was 
maintained throughout the reaction and samples were withdrawn at timed intervals. 



§ainple 


Time (h) 


Conversion 

(Vo) 


Mn, Cal 


Mn, SEC 


Mw/ Mn 


. I 


1.0 


8.5' 


1.400 


2.500 


1.21 


2 


3.7 


33.8 


5.500 


8,900 


1.09 


3 


5.8 


47.3 


7.600 


12.400 


l.ll 


4 


8,1 


57.4 


9.300 


14,500 


1.15 


5 


1 0.0 


64.7 


10.500 


1 5.500 


1.18 


6 


12.0 


69.7 


11.300 


16.600 


1.19 



Manganese (II) X. 
Styrene 
Example 67 

Heterogeneous ATRP of styrene using MnCK as catalyst: The following amounts of 
reagents were weighed into a glass tube under ambient temperature: I2mg (8.15x10'- mmol) 
of MnCU. l.OO mL (0.909 g, 8.73 mmol) of deinhibiied styrene, 28 mg (0.175 mmol) 2,2'- 
bipyridine. and 10 mL (8.8x10*^ mmol) 1-phcnylethyl chloride. Two "freeze- pump- thaw" 
cycles were performed on the contents of the tube to ensure that oxygen was removed from 
the polymerization solution. The tube was scaled under vacuum then placed in an oil bath 
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thermostated at 90 °C. After 7 h the tube was brokea. and the contents were dissolved in 
10 mL of THF. Conversion of the monomer, measured using GC was 71%. and the 
molecular weight and polydispersity measured by GPC were M„ = 7,300. and MJM^ = 1 .55. 

Example 68 

Homogeneneous ATRP of styrene using iVInCI, as catalyst; The following amounts of 
reagents were weighed into a glass tube under ambient temperature: 12mg (8.15x10'^ mmol) 
of MnCl;, 1. 00 mL (0.909 g, 8.73 mmol) of deinhibited styrene, 60 mg (0.175 mmol) 4,4'-di- 
(5-nonyl)-2,2'-bipyridine. and 10 mL (8.8x10'^ mmol) 1 -phenylethyl chloride. Two "freeze- 
pump-thaw" cycles were performed on the contents of the tube in order to insure that oxygen 
was removed from the polymerization solution. The tube was sealed under vacuum, then 
placed in an oil bath thermostated at 90*'C. After 12 h the tube was broken, and the contents 
were dissolved in 10 mL of THF. Conversion of the monomer, measured using GC u'as 
85%, and the molecular weight and polydispersity measured by GPC were = 8.300, and 
M,yM„= 1.45. 

Methyl Acrylate 
Example 69 

Heterogeneous ATRP of methyl acrylate using MnCI; as catalyst: The following amounts 
of reagents were weighed into a glass tube under ambient temperature: 12mg (8.15x10*^ 
mmol) of MnCK. 1 .00 mL (0.956 g. 8,88 mmol) of deinhibited methyl acrylate. 28 mg (0.175 
mmol) 2,2*-bipyridine. and 1 1 mL (8.8x10*- mmol) methyl 2-chloropropionate. Two "freeze- 
pump-thaw" cycles were performed on the contents of cube to insure that oxygen was 
removed from the polymerization solution. The tube was sealed under vacuum then placed in 
an oil bath thermostated at 90 "C. After 7 h the tube was broken, and the contents were 
dissolved in 10 mL of THF. Conversion of the monomer, measured using GC was 81%, and 
the molecular weight and polydispersity measured by GPC were 8,100, and Mv/M„ = 
2.01. 
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Example 70 

Homogeneneous ATRP of methyl acrylate using iMnCli as catalyst: The foUowine 
amouncs of reagents were weighed into a glass tube under ambient temperature: 12me 
(8.15x10*- mmol) of MnCK. l.OO mL (0.956 g. 8.88 mmol) of deinhibited methyl acrylate. 
60 mg (0. 1 75 mmol) 4,4'-di-(5-nonYl)-2,2'-bipyridine, and 1 1 raL (8.8x10-^ mmol) methyl 2- 
chloropropionate. Two "freeze-pump-thaw" cycles were performed on the contents of the 
tube in order to insure that oxygen was removed from the polymerization solution. The tube 
was sealed under vacuum, then placed in an oil bath thermostated at 90 "C. After 12 h the 
tube was broken, and the contents were dissolved in 10 mL of THF. Conversion of the 
monomer, measured using GC was 98%, and the molecular weight and polydispersity 
measured by GPC were M„ = 10.600. and KA^« = 1.95. 

Methyl Methacrylate 
Example 71 

Heterogeneous ATRP of methyl methacrylate using iMnCU as catalyst: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 12mg 
(8.15x10*2 namoi) of MnCK, l.OO mL (0.936 g. 8.87 mmol) of deinhibited methyl acrylate. 
28 mg (0. 175 mmol) 2,2'-bipyridine. and 19 mg (8.8x10*^ mmol) toluencsulfonyl chloride. 
Two freeze -pump-thaw" cycles were performed on the contents of tube to insure that oxygen 
was removed from the polymerization solution. The tube was sealed under vacuum then 
placed in an oil bath thermostated at 90 ''C, After 7 h the tube was broken, and the contents 
were dissolved in 10 mL of THF. Percent conversion of the sample « measured using GC was 
84%, and the molecular weight and polydispersity measured by GPC were M„ = 8.600, and 
M,/M„= L67. 

Exatpple 72 

Homogeneneous ATRP of methyl methacrylate using MnCIj as catalyst: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: I2mg 
(8.15x10*^ mmol) of MnCK. 1.00 mL (0.936 g, 8.87 mmol) of deinhibited mediy I acrylate. 
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60 mg (0.175 mmol) 4,4'-<li-{5-nonyl)-2.2'-bipyridine, and 19 mg (8.8x10'^ mmol) 
toluenesulfonyl chloride. Two "freeze -pump- thaw" cycles were perfonned on the contents of 
the tube in order to insure that oxygen was removed from the polymerization solution. The 
tube was sealed under vacuum then placed in an oil bath thermosiated at 90''C, After 12 h 
the tube was broken, and the contents were dissolved in 10 mL of THF. Perx:ent conversion of 
the sample , measured using GG was 98%, and the molecular weight and polydispersity 
measured by GPG were M„ = 9.900, and M,JM„ = L57. 

GrGU Catalysts 
Example 73 

Homogeneneous ATRP of styrcne using CrCl, as catalyst: The following amounts of 
reagents were weighed into a glass tube under ambient temperature: 12mg (8.37x10'- mmol) 
ofCrGl;, l.OO mL (0.909 g, 8.73 mmol) of de inhibited styrene. 60 mg (0.175 mmol) 4,4'-di- 
(5-nony0-2;2'-bipyridine. and 10 mL (8.8xl0'- mmol) 1 -phenylethyl chloride. Two "freeze- 
pump-thaw" cycles were performed on the content of the tube to insure that oxygen was 
removed from the polymerization solution. The tube was sealed under vacuum then placed in 
an oil bath thcrtnostated at 90 ^'G. After 3 h the tube was broken, and the contents were 
dissolved in 10 mL of THF. Conversion of the monomer, measured using GC was 98%. and 
the molecular weight and polydispersity measured by GPC were M„ = 30,200. and M„yM„ - 
1.78. 

Example 74 

Homogcneneous ATRP of methyl acn'latc using CrCl. as catalyst: Tlie following 
amounts of reagents were weighed into glass tube under ambient temperature: 12 mg 
(8.37x10-^ mmol) of CrCU, LOO mL (0.956 g. 8.88 mmol) of deinhibited methyl acrylate, 
60 mg (0,175 mmol) 4,4'-di-(5-nonyl)-12'-bipyridine, and 1 1 mL (8.8x10*^ mmol) methyl 2- 
chloropropionate. Two "freeze-pump-thaw" cycles were performed on the contents of the 
tube to insure that oxygen was removed from the polymerization solution. The tube was 
sealed under vacuum then placed in an oil bath thermostated at 90 ''C. After 3 h the rube was 
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broken, and the contents were dissolved in 10 mL of TFIF. Conversion of the monomer, 
measured using GC was 1 00%, and the rnolecular weight and polydispersiiy measured bv 
GPC were M„ - 41.6000. and MJM, = 2.01. 

Example 75 

Homogeneneous ATRP of methyl methacrylate using CrCl^ as catalyst: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 12mg 
(8.37x10-- mmol) of CrCU, 1 .00 mL (0.936 g. 8.87 mmol) of deinhibited methyl acrylate. 60 
mg (0.175 mmol) 4,4'.di-(5-nonyl>-2;Z'-bipyridinc, and 19 mg (8.8x10*- mmol) 
tolucnesulfonyl chloride. Two "freeze-pump-thaw" cycles were performed on the contents of 
the tube to insure that oxygen was removed from the polymerization solution. The tube was 
scaled under vacuum then placed in an oil bath thermosiated at 90 "C. After 3 h the tube was 
broken, and the contents were dissolved in 10 mL ofTHF. Conversion of the monomer, 
measured using GC was 99%. and the molecular weight and polydispcrsity measured by GPC 
were M« = 38,500, and MJM^ = 2.10. 

MnCU / CrClj Co-Catalysts 
Example 76 

Homogeneneous ATRP of stvrene using MnCL/CrClj as catalyst: The following amounts 
ot reagencs were weighed into a glass tube under ambient temperature: I2mg (8.15x1 0'' 
mmol) of MnCL. 2mg (lO"- mmol) CrCl,. 1.00 mL (0.909 g. 8.73 mmol) of deinhibited 
stvrene. 60 mg (0.175 mmol) 4.4*-di-(5-nonyI)-2,2'-btpyridine. and 1 0 mL (8.8x 10*' mmol) 
phenylethyl chloride. Two "freeze-pump-thaw" cycles were performed on the contents of the 
tube in order to insure that oxygen was removed from the polymerization solution. Tlie tube 
was sealed under vacuum then placed in an oil bath thermostated at 90 ^'C. After 7 h the tube 
was broken, and the contents were dissolved in 10 mL of THF. Conversion of the monomer, 
measured using GC was 82%, and the molecular weight and polydispcrsity measured by GPC 
were M„ = 8 JOO, and UJU^ = 1 .48, 
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Example 77 

Homogeneneous ATRP of methyl acryiate using MnCK/CrCl, as catalyst: The following 
amounis of reagents were weighed into a glass tube under ambient temperature; 12 mg 
(8.15x10*^ mmol) of MnCL 2mg (10*- mmol) CrClj., l.OO ml (0.956 g, 8.88 minol) of 
deinhibited methyl acryiate. 60 mg (0,175 mmol) 4.4'-di-(i-nonyl)-2,2'-bipyridine. and I I 
mL (8.8x10'^ mmol) methyl 2-chioropropionate. Two "freeze-pump-thaw" cycles were 
performed on the contents of the tube in order to insure that oxygen was removed from the 
polymerization solution. The tube was sealed under vacuum then placed in an oil bath 
thermoslated at 90 'C. After 7 h the tube was broken, and the contents were dissolved in 
10 mL of THF. Conversion of the monomer, measured using GC was 97%, and the 
molecular weight and polydispersicy measured by GPC were = 10,200, and M,,/M„ = 
1.92, 

Example 78 

Homogeneneous ATR? of methyl methacrylate using iVInCli/CrCl3 as catalyst: The 
following amounts of reagents were weighed into glass tube under ambient temperature: 
12 rag (8.15x10-2 f^njQi) of MnCU, 2mg (IQ-^ mmol) CrCl,, 1.00 mL (0.936 g. 8.87 mmol) of 
deinhibited methyl acryiate. 60 mg (0.175 mmol) 4,4*-di-(5-nonyl)-2.2'-bipyridine [4.4'-di(5- 
nonyl)-2^'-bipyridine]. and 19 mg (8.8x10*- mmol) toluenesulphonyl chloride. Two "freeze- 
pump-thaw" cycles were performed on the concents of the tube to insure ihat oxygen was 
removed from the polymerization solution. The tube was sealed under vacuum then placed in 
an oil bath thermostated at 90 ^C. After 7 h the tube was broken, and the content were 
dissolved in 10 mL of TIIF. Conversion of the monomer, measured using GC was 98%. and 
the molecular weight and poiydispersity measured by GPC were M„ = 9.900, and MJM^ = 
1.59. 

MnCL / CuCL Co-Catalysts 



-81- 



wo 98/40415 



PCT/US98/04333 



Example 79 

Homogeneneous ATRP of styrene using MnCK/CuCU as catalyst: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 12 mg 
(8.15x10-^ mmol) of MnCK, 2mg (10"^ mmol) CuCU LOO mL (0.909 g, 8.73 mmol) of 
deinhibiled styrene, 60 mg (0.175 mmol) 4,4'-di-(5-nonyi)-2,2'-bipyridinc, and 10 mL 
(8.8x10'^ mmol) 1-phenylethyl chloride. Two "freeze-pump-thaw" cycles were performed on 
the content of tube to insure that oxygen was removed from the polymerization solution. The 
tube was scaled under vacuum then placed in an oil bath themiostated at 90*0. After 12 h 
the tube was broken, and the contents were dissolved in 10 mL of THF. Conversion of the 
monomer, measured using GC was 52%, and the molecular weight and polydispcrsity 
measured by GPC were = 5,300, and M,JM^ =1.28. 

Example 80 

Homogeneneous ATRP of methyl acrylatc using MnClj/CuCU as catalyst: The following 
amounts of reagents were weighed into glass tube under ambient temperamre: 12 mg 
(8.15x10-- mmoi) of MnCU, 2mg (10*' mmol) CuCU, 1.00 mL (0.956 g, 8.88 mmol) of 
deinhibited methyl aery late, 60 mg (0.175 mmol) 4,4'-di-(5-nonyl)-2^'-bipyridine , and 

1 1 mL (8.8x10*^ mmol) methyl 2-chloropropionatc. Two "frcczc-pump-thaw" cycles were 
performed on the contents of the tube to insure that oxygen was removed from the 
polymerization solution. The tube was sealed under vacuum then placed in an oil bath 
ihermostated at 90 °C. After 12 h the tube was broken, and the content were dissolved in 

10 mL of THF. Conversion of the monomer; measured using GC was 77%, and the molecular 
weight and polydispcrsity measured by GPC were M„ - 7.200. and MJM^ = 1 .72. 

Ex;^n)ple 81 

Homogeneneous ATRP of methyl methacrylate using iMnClj/CuCIj as catalyst; The 
following amounts of reagents were weighed into a glass tube under ambient temperature: 

12 mg (8.15x10-^ mmol) of MnCL, 2 mg (10'^ mmol) CuCU, 1.00 mL (0.936 g. 8.87 mmol) 
of deinhibited methyl acrylate, 60 mg (0.175 mmol) 4,4'-di-(5-nonyl)-2,2'-bipyridine, and 
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19 mg (8.8x10*- mmol) toluenesulfonvl chloride. Two "freeze-pump-ihaw* cycles were 
performed on the contents of the cube to insure that oxygen was removed from the 
polymerization solution. The tube was sealed under vacuum then placed in an oil bath 
ihermosiated at 90*'C. After 12 h the tube was broken, and the contents were dissolved in 
10 mL of THF. Conversion of the monomer, measured using GC was 78%. and the molecular 
weight and pblydispersity measured by GPC were M„ - 8,200, and MJM„ = 1 .37, 

New Ligands 
Copper (!) 

N.N,N',N',N"-Pentaraethyldiethyleneuiamine 
E^ampl? 82 

Bulk Polymerization of Styrene with CuBr W,A^^',A",A"'- 

Pentamethyldiethylenetriamine (PMDETA)/1-Phenylethyi bromide: The following 
amounts of reagents were weighed into a glass tube under ambient temperamrc: 13 mg 
(9.06x1 0'^mmoi) of CuBr. 9,5 ^\ (9.06x10'^ mmol) PMDETA. 12.4 pii (9.06x10*- mmol) 
(l-bromoethYl)bcnzcnc and 1.00 mL (8.73 mmol) of styrene. Three "freezc-pump-thaw" 
cycles were perfomied on the contents of the tube to insure that oxygen was removed from 
the polymerization solution. The tube was scaled under vacuum and placed in an oil bath 
thermosiated at 90**C. At the timed interval, polymerization was stopped by cooling the 
tubes into ice. Afterward, the tube was opened and the contents dissolved in THF. 





Time fh) 


Conversion 

(Vo) 


Mn, Cal 


Mn, SEC 


Mw / Mn 


1 


0.75 


32 


3200 


3060 


1.47 


2 


1.40 


40 


4000 


4090 


1.40 




2.53 


48 


4750 


4220 


1.33 


4 


3.50 


56 


5600 


5300 


1.27 


6 


5.30 


78 


7800 


7340 


1.35 
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Bulk Polymerization of Methyl Acrylate with CuSr /N^N^N'^^N'*- 
Pentamethyldiethvlenetriainine (PMDETA)/Ethyi 2-Broraopropionatc: The followine 
amounts of reagents were weighed into a glass tube under ambient temperature: 6.8 mg 
(4.78x10-^ mmol) of CuBr, 10 a! (4.78x10-- mmol) PMDETA, 6.2 Ail (4.78x10-^ mmol) ethyl 
2-broraopropionate and 1.00 mL (1 1 .1 mmol) of methyl acrylate. Three "freeze-pump-thaw" 
cycles were performed on the contents of the tube to insure that oxygen was removed from 
the polymerization solution. The lube was sealed under vacuum and placed in an oil bath 
themiostated at 90*0. At the timed interval, polymerization was stopped by cooling the 
tubes into ice. Afterward, the tube was opened and the contents dissolved in THF. 



Sample 


Timcfh) 


Conversion 


Mn, Cai 


Mn, SEC 


iVtw / IVTn 


1 


2.0 


61 


12300 


11700 


1.13 


2 


3.0 


76 


15200 


14000 


1.13 


J 


4.7 


91 


18200 


18100 


L20 



E^aippk ?4 

Solution Polymerization of Methyl Methacrylate with CuBr /N,N,N\N\/V*'- 
Pentamethyldiethylenetriamine (P[VTDETA)/Diethyl 2-Bromo-2-MethyImalonate: The 
following amounts of reagents were weighed into a glass tube under ambient temperature: 
3.3 mg (2.3x10*^ mmol) of CuBr. 4.9 ul (2.3x10-- mmol) PMDETA. 8.9 a^I (4.7x10-^ mmolV 
diethyl 2-bromo-2-methyimalonate, 1.00 mL (9.35 mmol) of methyl acrylate and 1.00 ml of 
anisole. Three "freeze -pump-thaw" cycles were perfonned on the contents of the tube to 
insure tliat oxygen was removed from the polymerization solution. The tube was scaled 
under vacuum and placed in an oil bath thermostaied at 90*'C. After 0.5 h the lube was 
broken, and the contents were dissolved in 5 mL of THF. Conversion of the monomer was 
measured using GC, and the molecular weight and polydispersity were measured by GPC. 
Conversion was 30%, M„ = 8230 and MJM^ =1.23. 
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1 ,U4,7,10,lO-HexamcthYltriethylencietramine 

Bulk Polymerization of Styrcne with CuBr / 1,1,4,7,10,10- 

Hexamethyltriethylenetetramine (HMTETA) / 1-Phenylethyi bromide: Tlie following 
amounts of reagents were weighed into a glass tube under ambient temperature: 13 mg 
(9.06x10-* mmol) of CuBr, 24.8 /il (9.06x10-* mmol) HMTETA, 12.4 ^1 (9.06x10-= mmoi) 
( l-bromoethyl)bcn2ene and 1 .00 mL (8.73 mmol) of styrcne. Three "freeze-pump-thaw" 
cycles were performed on the contents of the tube to insure that oxygen was removed from 
the polymerization solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 90°C After 2.0 h the tube was broken, and the contents were dissolved in 
1 0 mL of THF. Conversion of the monomer was measured using GC, and the molecular 
weight and polydispcrsity were measured by GPC. Conversion was 65%. M„ = 5590 and 

Example g6 

Bulk Polymerization of Methyl Acrylatc with CuBr /1, 1,4,7,10,10- 
Hexamethyltriethylen.etetramine (HMTETA)/EthyI 2-Bromopropionate: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 6.8 mg 
(4.78x10** mmol) of CuBr, \3 ^\ (4,78x10-- mmol) HN^TETA, 6.2 ^[ (4.78x10*- mmol) ethyl 
2-bromopropionate and LOO mL (1 LI mmol) of methyl acrylate. Three "freeze-pump-ihaw" 
cycles were performed on the contents of the tube to insure that oxygen was removed from 
the polymerization solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 90°C. After 1.6 h the tube was broken, and the contents were dissolved in 
5 mL of THF. Conversion of the monomer was measured using GC, and the molecular 
weight and polydispcrsity were measured by GPC. Conversioa was 49%, Mn =9150 and 
MyM„=L24. 
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E?^amplc 87 

SolutioD Polymerization of Methyl MethVacrylate with CuBr/l,l,4J,10»10- 
Hexamethyltriethyienetetramine (HMTETA) / Ethyl Z-Bromoisobutyrate: The 
following amoums of reagents were weighed into a glass lube under ambient temperamre: 
3.3 mg (2.3x10-- mmol) of CuBr. 6.4 ^1 (2.3x10*- mmol) HMTETA. 6.1 fx\ (4.7x10-- mmoi) 
ethyl 2-bromoisobutyrace. 1.00 mL (9.35 mmol) of methyl acrylate and 1.00 ml of anisole. 
Three "freeze -pump-thaw" cycles were performed on the contents of the tube to insure that 
oxygen was removed from the polymerization solution. The tube was sealed under vacuum 
and placed in an oil bath thcrmo stated at 90*'C. After 1 .6 h the lube was broken, and the 
contents were dissolved in 5 mL of THF. Conversion of the monomer was measured using 
GC, and the molecular weight and polydispersity were measured by GPC. Conversion was 
55%. M„ - 1290O and M,yM, = 1 .38. 

1 .4,8, 1 1 -Tetramethyl- 1 ,4,8, 1 1 -Tctraazacyclotctradccane 
E?<;ample 8? 

Bulk Polymerization of Styrcne >Yith CuBr / 1,4,8,1 l-TetramethyI-1,4,8.11- 
Tetraazacyclotecradecane (TMTACTD) / 1-Phenylethyi Bromide: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 13 mg 
(9.06x10-^ mmol) of CuBr. 23.3 mg (9.06x10'^ mmol) TMTACTD. 12.4 ^1 (9.06x10-^ mmol) 
(l-bromoethyl)benzene and 1.00 mL (8,73 mmol) of siyrene. Tluee "freeze-pump-thaw" 
cycles were performed on the contents of ihe tube to insure that oxygen was removed from 
the polymerization solution. Tlie tube was sealed under vacuum and placed in an oil bath 
thcrmostated at 1 10**C. After 2.0 h the tube was broken, and the contents were dissolved in 
10 mL of THF. Conversion of the monomer was measured using GC. and the molecular 
weight and polydispersity were measured by GPC. Conversion was 47%, = 4780 and 
K,yM„-l.72. 

8 - Hydroxyquinoline 
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Example 89 

ATR? of Styrene Using CuBr / Bipy,/ 8 - Hydroxyquiaoline; The following amounts of 
reagents were weighed into a glass tube under ambient temperature; 12 mg (8.15x10*^ mraol) 
of CuBr, 1 .00 mL (0.909 g, 8.73 nunol) of deinhibited styrene, 14 mg (0.08 mraol) 2^'- 
bipyridine, 12 mg (0.08 mmol) 8-hydroxyquinoIinc, and 12 mL (8.8x10'^ mmol) l- 
phenyiethyi bromide. Two "freeze-pump-thaw" cycles were performed on the contents of the 
tube to ensure that oxygen was removed from the polymerization solution. The tube was 
sealed under vacuum and then placed in an oil bath thermostated at 90*'C. After 7 h the tube 
was broken, and the contents were dissolved in 10 mL of THF. Conversion of the monomer, 
as measured using GC, was 28%, and the molecular weight and polydispcrsity (GPC) were 
M, = 3.200, and M„yM„ = 1,21 . 



Example 90 

ATRP of Methyl Acrylate Using CuBr / Bipy / 8 - Hydroxyquinoiine: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 12 mg 
(8.15x10*^ mmol) of CuBr, 1.00 mL (0.956 g, 8.88 mmol) of deinhibited methyl acrylate. 
14 mg (0.08 mmol) 2,2'-bipyridine, 12 mg (0,08 mmol) 8-hydroxy quinoline, and 12 mL 
(8.8x10'-^ mmol) methyl 2-bromopropionatc, Two "frccze-pump-thaw" cycles were 
performed on the contents of the tube to ensure that oxygen was removed from the 
polymeri2:aiion solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 90 °C. After 4 h the tube was broken, and the contents were dissolved in 
10 mL of THF. Conversion of the monomer, as determined by GC was 50%. and the 
molecular weight and polydispcrsity, measured by GPC, were M„ = 5,200 and M,yM„ 1.25. 

Example 91 

ATRP of Methyl Methacrylate Using CuBr / Bipy / 8 - Hydroxyquinoiine: The following 
amounts of reagents were weighed into glass tube under ambient temperature: 12 mg 
(8.15x10'^ mmol) of CuBr, 1.00 mL (0.936 g, 8.87 mmol) of deinhibited methyl acrylate. 
14 mg (0.08 mmol) 2,2'-bipyridine. 12 mg (0.08 mmol) 8-hydroxy quinoline, and 19 rag 
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(8,8x1 0"-^ mmol) p -tolucncsulfonyi chloride. Two " freeze -pump-ihaw" cycles were 
performed on the conients of the tube to ensure that oxygen was removed from the 
polymerization solution. The tube was scaled under vacuum and placed in an oil bath 
themiostated at 90°C, After 4 h the tube was broken, and the contents were dissolved in 
10 mL of THF. Conversion of the monomer, as detcnnincd by GC was 75%, and the 
molecular weight and polydispersity, measured by GPC, were M„ = 7.800, and MJli^ = 
1.29. 

Example 92 

Bulk polymerization of Methyl Acrylatc/ methyl 2-bromopropionatc/ CuCOTOj / Cu(0) 
mt/t 8'Hydroxyquinoline, aluminum salt: .A. 10 mL Schlenk flask was charged with Cu(0) 
(2 mg; 0.032 mmol). CufOTfl: (12 mc: 0,033 mmo\). 8-Hydroxyquinolinc. aluminum sale. 
( 1 1 mc; 0.022 mmol), methyl 2-bromopropionate (37 mL; 0.33 mmol) and methyl acr>'late 
(6 mL; 66.6 mmol) followed by 0.6 mL of chlorobenzcne as an intcmal reference. The 
reaction flask was charged with a stir bar and then fined with a rubber septum. Tlie reaction 
solution was. then put through frecze-vacuum-thaw cycles three times to remove dissolved 
gasses and then put under an argon atmosphere. The flask was then immersed in an oil bath 
and held by a thermostat at 80**C with rigorous stirring. At various times, samples were 
taken via syringe and quenched with THF. Tlie volume lost by sample removal was replaced 
with argon. Tlie samples were used to monitor monomer conversion relative to the internal 
reference (GC) and molecular weight (SEC). 



time (min) 
15 


**/o conversion 


K(SEC) 


M„(th) 




3 




522 




45 


30 


10200 


5220 


1.91 


60 


44 


11800 


7656 


1.93 


90 


67 


13700 


11658 


1.84 


110 


77 


14700 


13398 


1.84 



Tetramethylethylenediamine 
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Example 93 

Bulk Polymerization by ATRP using CuBr / tetramethylethylenediamine: To a dry 
schlenk flask under argon, CuBr (127.1 mg, 0.874 mmol), tctramethylethylenedamine 
(264 /^L, 1 .75 mmol), degassed styrene (1 0.0 ml, 87.4 mmol) and 1 - phenylethyl bromide 
(119.3 mU 0.874 mmol) were added. The solution was allowed to stir at room temperature 
until it became homogeneous and then transferred to dry glass tubes under argon. Three 
freeze-pump-thaw cycles were performed, the tubes were sealed under vacuum, and then 
placed in an oil bath ihermostated at the desired temperature. Tubes were removed at timed 
intervals and the polymerization quenched by cooling the tubes in ice. Afterward, the tubes 
were opened and the contents dissolved in THF. 



Samnle 


Time (h) 


Conversion (Vn^ 


M-. Cal 


M.. SEC 




1 


1 


6.1 


610 


KlOO 


1.95 


2 


2 


24.5 


2500 


2,800 


1.62 


3 


3.1 


35.9 


3600 


4,000 


1.53 


4 


5.1 ■ 


54,4 


5400 


6,800 


1.50 


5 


6.8 


76,7 


7700 


9,100 


1.57 



Example 94 

Bulk Polvmeriration bv ATRP u.sin^ CuHr I tetramethvlethvlcnedinminp ; To a dry 
schlenk flask under argon, CuBr (7 1 .3 mg, 0.49 mmpi). tetramethylethylenediamine ( 1 48 uL, 
0.98 mmol), degassed methyl acrylate (10.0 ml. 1 1 1.2 mmol) and ethyl 2-bromopropionate 
(63.6 uL, 0.49 mmol) were added. The solution was allowed to stir at room temperature until 
it became homogeneous and then transferred to dry glass tubes under argon. Three freeze- 
pump-thaw cycles were performed, the tubes were sealed under vacuum, and then placed in 
an oil bath thermostated at the desired temperature. Tubes were removed at timed intervals 
and the polymerization quenched by cooling the tubes in ice. Afterward, the tubes were 
opened and the contents dissolved in THF, 
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Sapiple 




Conversion (%) 




Mn.SEC 




I 


l.O 


21.3 


4,300 


4,600 


1.55 


2 


2.0 


55.5 


11.100 


1 1200 


1.31 


3 


2.6 


74.6 


14,900 


14.100 


1.37 


4 


3.3 


83.2 


16.600 


15,400 


1.39 


5 


4,6 


91.9 


18,400 


17,100 


1.51 



34.0 mg (0,234 mmol) CoBr, 5.0 ml(46,8 mmol) methyl methacrylate, 70.6 ^1 (0.468 mmol) 
tctramcthylcthylencdiamine. and 5.0 ml anisole were added to a dry round-botttomed flask 
under an argon atmosphere. After the mixture was stirred until homogeneous, 34.3 pi (0.234 
mmol) ethyl 2-bromoisobutyratc was added to the flask which was then immersed in an oil 
bath thermostated at the desired temperature. A posiuve argon pressure was maintained 
throughout the reaction and samples were withdrawn at timed intervals. 



Sample 


Timefh^ 


Conversion (%') 


Mn, Ca! 


SEC 




1 


0.4 


7.4 


1,500 


4,300 


1.33 


2 


1.0 • 


28.2 


5.600 


8000 


1.27 


3 


1.6 


49.0 


9,800 


10,700 


1.26 


4 


2.2 


61.9 


12,400 


13,100 


1.30 


5 


3.0 


76.7 


15,300 


15.600 


1.29 


6 


3.4 


80.4 


16,100 


15.900 


1.37 


i 7 


4.1 


85.9 


17.200 


18.300 


1.35 i 


i 8 


5.0 


88.9 


17,800 


17.300 


1.42 ; 


9 


5.8 


91.1 


18,200 


17,800 


1.46 



Iron (II) 
NRj Ligands 

Bulk Polymerization using FeBrt / 4,4'-di(5-nonyl)-2^'-bipyridine / NBuj: The 
following reagents were transferred into glass tubes purged with argon: 19.0 mg (8.73 x 
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10*- mmol) of FeBr,, l.O ml (8.73 mmoi) of styrene. 12.0 ul (8.73 x IQ-Wol) of 
1-phenylethyl bromide , 35.6 mg (8.73 .x 10;^ mmol) of 4.4^di(5-noayl).2^--bipyridine and 
2L0 ml (8.73 x 10*^ mmol) of tri(n-butyl)amme. Each tube was degassed three times by 
"freeze-purap-thaw" cycles and sealed under vacuum. The tubes were placed in an oil bath 
theraiostated at 1 10** C and were removed from the oil bath at timed intervals. 



Sample 


Time (h) 


Conversion 


!±^ fth.) 


iVL. (G?Q) 


■ 


1 


1.5 


30.7 


3,200 


3.200 


1.15 


2 


3.0 


48.5 


5,000 • 


5,100 ■ 


1.11 


3 


5.0 


67.2 


7,000 


7;200 


1.13 


4 


8.0 


87.1 


9.100 


9.800 


1.20 



Example 97 

Solution Polymerization of FeBr, / NBny. TTie following reagents were transferred into a 
25 ml schlenk flask equipped with a magnetic slir bar under an argon atmosphere: 95.0 mg 
(0.436 mmol) of FeBr,, 5.0 ml (43.6 mmol) of styrene, 60.0 ml (0.436 mmoi) of 1- 
phenylcthyl bromide , 310 ml (1.3 mmol) of tri(n-buiyl)ainine and 5.0 ml o-xylene. The 
solution was stirred at room temperature for 20 minuics and then the flask was put into an oil 
bath thcrmostated at IIO'^C. A positive argon pressure was maintained throughout the 
reaction and samples were withdrawn at time intervals. The polymerization solution was 
heterogeneous. 



Samnle 


Time (h) 


Conversion (%\ 




Mn. fCrPO 




i I 


2.0 


26.3 


2,700 


3.100 


1.43 


! 2 


5.0 


42.8 


4,400 


4,300 


1.19 


1 3 * 


15.0 


62,8 


6^00 


5,900 


1.16 


1 4 


24.0 


69.3 


7^200 


' 7,200 


1.17 



Example 98 

Bulk Polymerization of Styrene with FeBr2 / N(n-0ctyl)3/I - phenyiethylbromide: A 
dry round-bortomed flask was charged with FeBr, (95.0 mg. 0.436 mmoi). The flask was 
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scaled with a rubber sepcum and was cycled between vacuuni and argon three times to 
remove the oxygen. Degassed styrene (lO.O ml. 87J mraol). NCn-Octyl)^ (0.38 ml, 
0.87 mmol) and l-phenylethvl bromide (0.06 ml, 0.436 mmol) were added using degassed 
syringes and stainless steel needles. The flask was immersed in an oil bath held by a 
thermostat at 1 10*'C. At the timed intervals, a sample was withdrawn firom the flask using a 
degassed syringe and added to THF. 



Sample 




Conversion r%> 


M.. Cal 


Mn. sec 




I 


I.O 


20 


4100 


4700 * 


1.35 


2 


2.0 


29 


6000 


6700 


1.29 1 


J 


3.0 


36 


7500 


8200 


L27 : 


4 


4.0 


42 


8800 


9100 


1.27 


5 


5.0 


51 


10500 


11300 


1.26 


6 


6.0 


54 


11300 


12700 


1.27 ; 


7 


9.0 


63 


13200 


15800 


1.26 1 



Example 99 

Solution Polymerization of Styrene with FeBr2 /N(n-0ctyl)3 / Tetrabutylammonium 
bromide / l-phenylethylbromidc: A dry round-bonomed flask was charged with FeBr^ 
(95.0 mc, 0.436 mmol) and N(n-Bu)4Br (70.0 mg, 0.22 mmol). The tlask was sealed with a 
rubber sepcum and was cycled between vacuum and argon three times to remove the oxygen. 
Degassed styrene (5.0 ml, 43.6 mmol), NCn-Octyl). (0.38 ml. 0.87 mmol), 1- 
phenylethylbromidc (0.06 ml. 0.436 mmol) and o-xylcne (5.0 ml) were added using degassed 
syringes and stainless steel needles. Tlie flask was immersed in an oil bath held by a 
thermostat at 1 10**C. At the timed intervals, a sample was withdrawn from the flask using a 
degassed syringe and added to THF. 
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SamDie 


Timefh) 


Conversion (%) 








I 


LO 


27 


2800 


2700 


1.20 


2 


2.0 


35 


3600 


3700 


1.18 


3 


4.0 


44 


4600 


4700 


1.16 


4 


6.0 


49 


5100 


5500 


1.14 


5 


8.0 


53 


5600 


6100 


1,15 


6 


11,0 


57 


6000 


7000 


1.14 



Fxample 100 

Solution Polymerization using FeBn / NBuj / p-toluenesulfonyl chloride: 34.0 mg 
(0.18 mmol) of FeBc;, 5.0 mi (53.5 mmol) of methyl methacrylate, 1 12 ml (0.53 mmol) of 
tri(n-butyl)amine and 4.0 ml o-.\ylene were transferred into a 25 ml schlenk flask equipped 
with a magnetic stir bar under an argon atmosphere. Tlie solution was stirred at room 
temperature for 20 minutes, and 30 mg (0.18 mmol) of p-toluenesulfonyl chloride in 1.0 ml 
of o-xylcnc was added to the flask. The flask was put into an oil bath thermobtated at 80 °C. 
A positive arcon pressure was maintained throughout the reaction and samples were 
withdrawn at time intervals. The polymerization solution was heterogeneous. 



Sample 


Ttmefhr) 


Conv. (Vn) 


M. fth.) 






I 


0.5 


18.0 


5.400 


5.600 


1.71 I 


2 


l.O 


33,3 


10.000 


12.400 


1.66 : 


3 


2.0 


. 49.4 


14.800 


17,500 


1.69 


4 


3.0 


58,3 


17.500 


19.000 


1.69 


5 


4.0 


67.7 


20.300 


21,300 


1.69 


6 


5.0 


77.9 


23,400 


25,600 


1.60 



Example 101 

Solution Polymerization using FeBr, / 4,4'-di(5-nonyl)-2,2*-bipyridine / NBuj / 
p-toluenesulfonyl chloride: 34.0 mg (0.18 mmol) of FcBr:, 5,0 ml (53.5 mmol) of methyl 
mcthacryiate. 37 ml (0.18 mmol) of tri(n-butyl)amine. 64.0 rag (0.18 mmol) 4,4'-di(5- 
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nonyI)-2.2'-bipyridine and 4,0 ml o-xylene were transferred into a 25 ml schlenk flask 
equipped with a magnetic stir bar under an argon atmosphere. The solution was stirred at 
room temperature for 20 minutes, and 30 mg (0.18 mmol) of p-toluenesuifonyi chloride in 
1 ,0 ml of o-xylene was added to the flask. The flask was put .into an oil bath thermostated at 
80°C. A positive argon pressure was maintained throughout the reaction and samples were 
withdrawn at time intervals. The polymerization solution was homogeneous. 





Timefhr) 


Conv. r/o) 








1 


1.0 


15.0 


7,500 


7,400 ■ 


1.28 


2 


2.0 


31.3 


9.400 


11,600 


1.36 




4.5 


51.2 


15,400 


17,900 


1.38 


4 


8.0 


67.8 


20.300 


19.900 


1.38 


5 


24.0 


88.5 


26.600 


27.100 


1.33 

1 



Examplg \ 02 

Solution Polymerization of MMA with FeBr^ / N(n-OctyI)j / p-toluenesulfonyl chloride: 

A dry round-bottomed flask was charged with FeBri (34.0 mg, 0.16 mmol). The flask was 
sealed with a rubber septum and was cycled between vacuum and argon three times to 
remove the oxygen. Degassed methyl methacrylate (5.0 ml, 46.7 mmol), o-xylene (4.0 ml) 
and NCn-0ctyl)3 (0.14 ml 0.32 mmol) were added using degassed syringes and stainless steel 
capillaries. The o-ioluenesulfonyl chloride (30.0 mg, O.I 6 mmol) was added as a solution in 
o-xylene f 1.0 ml) and the flask was immersed in an oil bath held by a thermostat at SO^C, At 
the timed intervals, a sample was withdrawn from the flask using a degassed syringe and 
added to THF, 
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Samole 


Time (h^ 


Conversion (%) 




M,. SEC 




I 


1.0 


22 


6450 


7000 


1.45 


2 


2.0 


35 


10400 


15000 


1.43 


•* 
J 


3.0 


47 


14000 


18800 


1.46 


4 


4.0 


53 


16000 


21100 


1.48 


5 


5.5 


61 


18300 


23500 


1.46 


6 


7.0 


66 


19900 


25300 


1.44 


7 


lO.O 


75 


22400 


27300 


1.40 



Solution Polymerization of MMA with FeBr, / N{n-Octyl)j / p-toluenesulfonyl chloride: 
A dry round-bottomed flask was charged with FeBr. (34.0 mg. 0.16 mmol) and N(n-Bu)4Br 
(17.0 mg, 0.5 mmol). The flask was sealed with a rubber septum and was cycled between 
vacuum and argon three times to remove the oxygen. Degassed methyl methacrylate (5.0 ml, 
46.7 mmol), o-xylene (4.0 ml) and N(n-0ctyl)3 (0.14 ml, 0.32 mmol) were added using 
degassed syringes and stainless steel capillaries. The o-toluenesulfonyl chloride (30.0 mg. 
0.16 mmol) was added as a solution in o-xylenc (1 .0 ml) and the flask was immersed in an oil 
bath held by a thermostat at 80°C. At the timed intervals, a sample was withdrawn from the 
flask using a degassed syringe and added to THF. 



i Sample 


Time fh^ 


Conversion (Vn) 


M.. Cal 


.M„SEC 




1 


I.O 


17 


5000 


6900 


1.43 


2 


2.0 


28 


8400 


11900 


1.43 


3 


3.0 


37 


11 100 


15400 


1.42 


4 


4.5 


47 


14200 


19100 


1.40 


5 


6.0 


59 


17500 


22500 


1.37 


6 


8.8 


70 


21100 


25600 


1.37 


1 7 


10.0 


74 


22300 


26100 


1.37 



Example 104 
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Solution Polymerization of MMA with FeBr2 / FeBrj / N(n-Octyi)3 / p-toluencsuifonyl 
chloride: A dry round-bottomed flask was charged with FeBr. (34.0 mg, 0.16 mmoi) and 
FeBrj (4.7 mg. 0.0 16 mmol). The flask was sealed with a rubber scpnira and was cycled 
between vacuum and argon three limes to remove the oxygen. Degassed methyl methacrylate 
(5.0 mi, 46.7 mmol), o-xylene (4.0 mi) and N(n-0ctyl)3 (0.14 mi, 0.32 mmoi) were added 
using degassed syringes and stainless steel capillaries. The o - toiuenesulfonyl chloride 
(30.0 mg. 0.16 mmoi) was added as a solution in o-xylene (i.O mi) and the flask was 
immersed in an oil bath held by a thermostat at SO°C. .At the timed intervals, a sample was 
withdrawn from the flask using a degassed syringe and added to THF. 



Sample 


Time (h^ 


Cnn vers inn (Vn) 


M..Cal 


Mo SEC 




! 1 


1.0 


14 


4100 


• 4700 


1.43 i 


2 


2.0 


27 


8100 


9700 


1.40 i 


3 


3.0 


39 


11600 


13000 


1.46 i 


4 


4.5 


49 


14700 


1 6200 


1.46 


5 


6.0 


57 


17100 


18700 


1.45 1 


6 


12.0 


71 


21200 


23300 


1.44 j 


7 


29.0 


86 


25800 


26900 


1.42 1 



PR; Ligands 
Example 105 

Bulk Polymerization using FcBr, / PBuj: The following reagents were transferred into 
glass tubes purged with argon: 9.5 mg (4.36 x 10-2 mmol) of FeBn, LO ml (8.73 mmol) of 
styrene. 6.0 ml (4,36 x 10'^ mmol) of 1-phenylethyl bromide and 32.4 ml (13.1 x 10*- mmol) 
of tri(n-butyl)phosphine. Each tube was degassed three times by "freeze-pump-thaw" cycles 
and sealed under vacuum. The tubes were placed in an oil bath thcrmostated at I lO^C and 
were removed from the oil bath at timed intervals. 
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Conv. (Vo) 


M. fth.) 


M-fGPO 




1 


l.O 


25.6 


5,300 


4.700 


1.55 


2 


2.0 


41.5 


8.600 


9.600 


1.30 


3 


3,0 


59.6 


12.400 


13^00 


1.43 


4 


4.0 


69.4 


14,400 


15.800 


1.40 



Bulk Polymerization using FeBrj / 4,4*-di(5-nonyl)-2»2'-bipyridine / PBuj: The 
following reagents were tninsferred into glass tubes purged with argon: 19.0 mg (8.73 x 10*^ 
mmol) of FeBr,, 1.0 ml (8.73 mmol) of styrene, 12.0 ml (8.73 x 10-2 mmol) of 1 -phenylethyl 
bromide, 35.6 mg (8.73 x 10-2 mmol) of 4,4*-di(5-nony[)-2.2*-bipyridinc and 21.6 ml (8.73 x 
10*^ mmol) of tri(n-butyl)phosphine. Each tube was degassed three times by "freeze-pump- 
thaw" cycles and scaled under vacuum. The tubes were placed in an oil bath ihermostatcd at 
1 10**C and were removed from the oil bath at timed intervals. 



Saipple 


Timefhr^ 


Conv. 




M. fOPO 




1 


1.0 


28.9 


3,000 


2U00 


1.34 


2 


2.0 


39.3 


4,100 


4,600 


1,15 


3 


3.0 


59.8 


6.200 


6.400 


1.12 


4 


4.0 


68.4 


7.100 


7.900 


1.12 


5 


5,0 


82.1 


8.500 


9.600 


1.13 



Miscellaneous Lieands 
Example 1Q7 

The following reagents were transferred into a glass tube purged with argon: 19.0 mg (8.73 x 
10-^ mmol) of FeBr.. 1.0 mi (8.73 mmol) of styrene, 12.0 ml (8.73 x 10*^ mmol) of 
1 -phenylethyl bromide and 26.4 uL tetramethylethylenediamine, (17.5 x lO"^ mmol). Each 
tube was degassed dircc dmcs by "frcczc-pump-thaw" cycles and sealed under vacuum. The 
tube was placed in an oil bath ihermostated at I lO'C and was removed firom the oil bath after 
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6.0 h. The conversion was 61% as determined by gas chromotography. M^^h^Qcv - 6,300; M„ 
cpc = 7.500: M„ / M„ = K6. 

Mixed Ligands 

Mixed dNbpy/DMAEMAE, dNbpy/TMEDA, and dNbpy/TEEDA 

PMAEMAE = 2-f r2-(^dimethvlamino>eihvl1-methvlaminolethanol. TMFDA = V N f^'. 
tetramethvlethvlcne diamine. TEED A = V A^A^' T/ Metraethvlethvlenediaminn , 

Buik Polymerization of Styreae/1-PhenyIethyI Bromide/CuBr: A dry long glass-tube was 
charged with CuBr (13 me. 0.09 mmol). 4.4'-di(5-nonYi)-2;2'-bipyridine (37.2 mg. 
0.009 mmoi).2-{(2-(dimethylamino)echyll-methylamino}ethanol( 14.7 1,0.09 mmol). 1- 
phenylethyl bromide (12.4 1. 0.09 mmol), styrene (Iml. 8.7 mmol), and a magnetic stir bar. 
The glass tube was degassed by three freeze-pump-ihaw cycles and was then scaled by flame. 
The glass tube was immersed in an oil bath ihennostaced at i 10°C. At cenain lime, the glass 
tube was taken out and broken. The sample was dissolved in THF to measure convcnion 
(GC) and molecular weight (SEC). 



Ligand 


Time (h) 


Conversion (%) 






M,yM„ 


DMAEMAE/dNbpy 


3 


68.2% 


6820 


5530 


1.13 


TMEDA/dNbp'y 


5.08 


58.4% 


5840 


5040 


1. 10 




Ligand 


Time (h) 


Conversion (%) 






K/M„ 


DMAEMAE/dTbpy 


1.07 


15.7 


1570 


1460 


1.23 


D^/tA£MAE/dTbpy 


2.01 


33.8 


3380 


3290 


HI 


DMAEMAE/dTbpy 


3 


52.2 


5220 


4680 


1. 11 


DMAEMAE/dTbpy 


4 


56.6 


5660^ 


4952 


1.13 


DMAEMAE/dTbpy 


4.88 


77.3 


7730 


6190 


1.18 


DMAEMAE/dTbpy 


5.67 


92.1 


9210 


7810 


1.43 
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Effect of Ligand 
ABC* Polymerizations 
Example 109 

Use of 4,4'-di(5-nonyI)-2,2*-bipyridine / CuBr: To a 10 ml round bonom flask with a stir 
bar, 4, 4*-di(5-nonyl>-2,2'-bipyridine (244.8 mg, 0.6 mmol) and CuBr (43.6 mg, 0.3 mmoi) 
were added and scaled with a rubber septum. The contcais of the flask were degassed by 
applying a vacuum and backfilling with nitrogen (3X). Degassed 2-<2- 
bromopropionyloxy)ethyl acrylate (5.0 ml, 30.9 mmol) was added via syringe. The reaction 
mixture was stirred in a 100**C oil bath. After 4 days» no polymer was obtained and the 
reaction mixture had turned from dark red to dark green. 

Example no 

Use of Bipy / CuBr, 100*C; To a 1 0 ml round bonom flask with a stir bar. bipyridine 
( 1 73.9 mg, 1,11 mmol), CuBr (53.8 mg, 0.37 mmol) and dimeihoxybenzene (600 mg) were 
added and sealed with a rubber septum. The contents of the flask were degassed by applying 
a vacuum and backfilling with nitrogen (3X). Degassed 2-(2-bromopropionyloxy)ethyl 
acrylate (6.0 ml. 37.1 mmol) was added via syringe. The reaction mixture was stirred in a 
100 °C oil bath. Samples were taken at various intervals to monitor conversion and molecular 
weight. C is a measure of the degree of branching; for a perfect system. C - 0.63 at 
conversion = 1 .0, 



Time fh) 


Conyenionf<?Ci%) 






c / (c-k:*) 


0.5 


>99 


5,400 


1.98 




1.0 


>99 


5;joo 


1.99 




2.5 


>99 


7,900 


1.55 


.361 



E?^amplp 1 1 1 

Use of Bipy / CuBr, 80°C: To a 10 ml round bottom flask with a stir bar, bipyridine 
(173,9 mg, 1. 1 1 mmol), CuBr (53.8 mg. 0.37 nunol) and dimethoxybenzene (600 mg) were 
added and scaled with a rubber septum. The contents of the flask were degassed by applying 
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a vacuum and backfilling with nitrogen (3X). Degassed 2-(2-bromopropiony[oxy)ethyl 
acrylate (6,0 ml, 37.1 mmol) was added via syringe. The reaction mixture was stirred in a 
80°C oil bath. Samples were taken at various intervals to monitor conversion and molecular 
weight. C is a measure of the degree of branching; for a perfect system, C == 0.63 at 
conversion = 1 .0. 



Time (h) 


ConversionrGC.%^ 


a, SEC 






0.5 


98 


7,800 


1.75 


0.238 


1.0 


>99 


9,000 


1.68 


- 0.277 


2.5 


>99 


8,200 


L76 


0.268 



Example 1 12 

Use of Bipy / CuBr, 50'C: To a 10 ml round bottom flask with a stir bar, bipyridine 
(173.9 mg, 1.11 mmol), CuBr (53.8 mg. 0.37 mmol) and dimetho.xy benzene (600 mg) were 
added and sealed with a rubber septum. The contents of the flask were degassed by applying 
a vacuum and backfilling with nitrogen (3X). Degassed 2-(2-bromopropionyloxy)ethyl 
acrylate (6.0 ml. 37.1 mmol) was added via syringe. The reaction mixture was stirred in a 
50**C oil bath. Samples were taken at various intervals to monitor conversion and molecular 
weight. C is a measure of the degree of branching; for a perfect system, C = 0.63 at 
conversion =1,0. 



Tim^fM 


ConvcrsionrGC.%1 






c/rc+CM 


0.5 


5.7 


2.400 


5.48 




1,0 


31.0 


13.700 


10.2 




1.5 


45.5 


23J00 


2.57 


0.277 


2.0 


55.1 


27,700 


2.87 





E^campje 113 

Use of dTbpy / CuBr, SCC; To a !0 ml round bonom flask with a stir bar. 4,4'-di(t-butyl)- 
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4,4'-bipyridinc (223.5 rag, 0.834 mmol), CuBr (40.4 mg, 0.278 mmol) and 
dimethoxy benzene (500 mg) were added and sealed with a rubber sepaim. The contents of 
the flask were degassed by applying a vacuum and backfilling with nitrogen (3X). Degassed 
2-(2-bromopropionyloxy)ethyl acrylate (4.5 ml. 27.8 mmol) was added via syringe. The 
reaction mixture was stirred in a 50° G oil bath. Samples were taken at various intervals to 
monitor conversion and molecular weight. C is a measure of the degree of branching; for a 
perfect system. C = 0.63 at conversion =1.0. 



Timefh) 


ConvcrsipqfGCiVo) 


M«.SEC 






0.5 


1.0 


200 


1.37 


0.142 


1.0 


2.5 


220 


1.49 


0.143 


1.5 


4,7 


250 


1.89 


0.192 1 


2.0 


18.2 


380 


4.85 


0.272 j 


3.0 


56.3 


820 


6.55 


0.501 1 


4.0 


85.3 


1560 


63\ 


0.387 1 


5.0 


95.2 


2050 


6.33 


0.420 1 


6.0 


>,9.9 


2050 


6.89 


0.430 



Counter Ions (Cu-J'.) 
Compariston Polymerizauons 

Example 1 14 

Polymerization of Methyl Acrylate by ATRP Using CuBr: Stock solutions were prepared 
with methyl acrv'late (8.0 ml). CuBr (1.3 mg). 4,4*-di(5-nonyl)-2.2*-bipyridine (7.3 mg), and 
methyl 2-bromopropionate (21.2 uL). These stock solutions were transferred to glass tabes 
and degassed by freeze - pump - thaw. The tubes were then sealed under vacuum and heated 
in a 90*'C oil bath. The tubes were removed at various intervals and analyzed for conversion 
(GC) and molecular weight (SEC). 
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Timefhh 


Cofiversion (7q) 


In fMlo/IMl 


M. 






1,07 


18.4 


0.20 


8,200 


1.39 




3.07 


43.2 


0.57 


14^00 


1.17 




5.60 


84.2 


1.84 


2630 


1.14 




8.65 


96.3 


3.30 


28.000 


1.20 


38,500 



Styrene 
E?camp|e 11? 

Initiated with Benzy! Thiocyanate: Stock solutions were prepared and subsequently 
distributed to glass tubes which were degassed three times by the frecze-thaw method and 
sealed under vacuum. Stock solutions consisted of previously degassed monomer. CuPF6. 
4,4'-di(5-nonyl)-2.2'-bipyridine. and initiator. The solution containing styrene (8 ml, 
88.9 mmol). CuPF6 (0.26 0.7 mmol), and 4,4'-di(5-nonyl)-22*-bipyridine (0.5704g, 
1.4 mmol) was stirred until homogeneous after which benzyl thiocyanate (0.175 mmol) was 
added and the solution transferred to the tubes. The tubes were places in an oil bath 
thermostated at lOO^C. 



Timefhr) 


Conversion (%) 


in fML/fMl 


Mn 




M. theo 


0.45 


22.1 


0.25 


54,600 


2.16 




1.60 


26.2 


0.30 


60.800 


1.9! 




3.80 


43.7 


0.57 


46,400 


2.13 




5.95 


51.7 


0.73 


40,100 


2.41 




7.90 


69.3 


l.iS 


48,000 


2.34 




10.00 


89.5 


2.26 


53,000 


2.57 


35.800 



Example 116 

Initiated with 1-Phenylethyl chloride: Stock solutions wer? prepared and subsequently 
distributed to glass tubes which were degassed three times by the fireeze-ihaw method and 
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scaled under vacuum. Stock solutions consisted of previously degassed monomer, CuPF6, 
4,4'-di(5-nonyl)-2»2*-bipyridinc, and imuator. The solution containing styrene (8 ml» 
88.9 mmol). CuPF^ (0,26 g, 0.7 mmol), and 4.4'-di(5-nonyl)-2.2'-bipyridine (0.5704g. 
1.4 mmol) was stirred until homogeneous after which I - phenylethyl chloride (0.175 mmol) 
was added and the solution transferred to the tubes. The tubes were places in an oil bath 
thermostated at lOCC. 



Time (hr) 


Conversion (Va) 


In (MiyfMl 


M„ 


M.1M« 


M, theo 


OAS 


26.5 


0.31 


5,700 


1.62 




1.48 


30.6 


0.37 


lOJOO 


1.36 




3.55 


60,3 


0.92 


. 22,000 


1.24 




5.40 


77.4 


1.49 


28,500 


1.29 




7.50 


79,3 


1.58 


33.700 


1.23 




9.77 


97.0 


3.50 


37,800 


1.36 


38.800 



Example 1 1 7 

Initiated with 1 -Phenylethyl bromide: Stock solutions were prepared and subsequently 
distributed to glass tubes which were degassed three times by the freeze-thaw method and 
sealed under vacuum. Stock solutions consisted of previously degassed monomer, CuPF^. 
4.4'-di(5-nonyl)-2.2'-bipyridine. and initiator. The solution containing styrene (8 mU 
88.9 mmol), CuPF^ (0.26 g. 0.7 mmol), and 4.4'-di(5-nonyl)-2,2*-bipyridine (0.5704 g, 
1.4 mmol) was stirred until homogeneous after which l-phenylethyl bromide fO. 175 mmol) 
was added and the solution transferred to the tubes. The tubes were places in an oil bath 
thermostated at lOO^C. 
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Time fhrt 


Convenion <Vo) 


In \M\jm\ 


M» 






0.52 


28.6 


0.34 . 


15,800 


1.31 




1.53 


44.2 


0.58 


29.000 


1,66 




2.47 


51,1 


0.72 


37,100 


1.87 




3.50 


70.1 


1.21 


46.500 


2.51 




4.57 


63.4 


l.OI 


41,800 


2.13 




5.68 


83.5 


1.80 


52,100 


2.83 


33,400 



Example 1 18 

[aitiated with Methyl 2-Iodopropionate: Stock solutions were prepared and subsequently 
distributed to glass tubes which were degassed three times by the freeze-thaw method and 
sealed under vacuum. Stock solutions consisted of previously degassed monomer. CuPF^, 
4.4'-di(5-nonyl)-2,2'-bipyridine. and initiator. The solution containing styrcnc (8 ml. 
88.9 mmol), CuPF^ (0.26 g, 0.7 mmol), and 4,4*-di(5-nonyl)-2;2*-bipyridine (0.5704g, 
1.4 mmol) was stirred until homogeneous after which methyl 2-iodopropionatc (0.175 rrunol) 
was added and the solution transferred to the tubes. The tubes were places in an oil bath 
thcrmostatcd at I OO ° C . 



Time fhr) 


Conversion (Yn) 


In (Mlo/[Ml 


Mn 




Mn thco 


0.58 


27.2 


0.32 


19,600 


2.79 




1.55 


36.8 


0.46 


22.900 


3.69 




; 3.60 


52.0 


0.73 


38,800 


3.33 


! 


5.63 


58.2 


0.87 


46.100 


3.31 


1 


1 7.58 


58.7 


0.88 


38:200 


3.91 


23J00 



Methyl Acrylate 
Example 1 1 9 

Initiated with benzyl thiocyanate: Stock solutions were prepared with methyl acrylate 
(8.0 ml). CuPFi (330.7 mg). 4.4'Hdi(5-noayl)-2;2'-bipyridinc (725.4 mg), and benzyl 
thiocyanate (28.5 mg). These stock solutions were transferred to glass tubes and degassed by 
freeze - pump - thaw. The tubes were then scaled under vacuum and heated in a 90^*0 oil 
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bath. The tubes were removed at various incervals and analyzed for conversion {GO and 
molecular weight (SEC). 



Time fhr) 


Conversion (Vo) 


In mum\ 


IVL 




M- theo 


0.52 


27.3 


0.32 


18,700 


1.84 




1.53 


56.6 


0.83 


20,900 


2.12 




2.63 


72.5 


1.29 


16,300 


2.20 




3.50 


94.7 


2.94 


25.800 


2.66 




4.57 


88.3 


2.14 


13,000 


2.64 




5.68 


94.2 


2.84 


12,100 


• 3.06 


37,700 



E^^mplc 12Q 

Initiated with methyl 2-chIoropropionate; Stock solutions were prepared with methyl 
acrylate (8.0 ml). CuPF^ (330.7 mg), 4,4*-di(5-nonyl)-2.2*-bipyridinc (725.4 mg). and mediyl 
2-chloropropionate (21.2 uL). These stock solutions were transferred to glass tubes and 
degassed by freeze - pump - thaw, Tlie tubes were then scaled under vacuum and heated in a 
90 "C oil bath. The tubes were removed at various intervals and analyzed for conversion 
(GC) and molecular weight (SEC). 



Timefhr) 


Conversipn (%) 


In fMUmi 


M. 




theo 


0.33 


53.0 


0.76 


38.200 


1.34 




0.70 


90.6 


2.37 


36,400 


1.99 




1.25 


>99 


4.61 


41.200 


2.22 


40,000 



E?^mp|e 121 

Initiated with methyl 2 - bromopropionate: Stock solutions were prepared with methyl 
acrylate (8.0 ml). CuPF^ (167.2 mg), 4,4'-di(5-nonYl)-2.2'-bipyTidine (363,1 mg), and methyl 
2-bromopropionate (21.3 uL). Upon addition of the methyl 2 - bromopropionate. the reaction 
became exothermic and the contents of the flask became solid within ten minutes. The 
contents were analyzed for molecular weight (SEC). Final M„=6 1 ,500, / M^^l .62. 
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Example 122 

Initiated with methyl 2-io(lopropionate: Stock solutions were prepared with methyl 
acrylate (8.0 ml), CuPF^ (167.2 mg), 4.4'-di(5- nonyl )-2. 2 *-bi pyridine (363.1 mg), and 
methyl 2-iodopropionate (54.3 uL). Upon addition of the methyl 2-iodopropionate, the 
reaction became exothermic and the contents of the flask became solid within ten minutes. 
The contents were analyzed for molecular weight (SEC), Final Mq= 42.000, M^^-^ M„=1.75. 

Example 123 

Polymerization with CuPFt / CuBr: Stock solutions were prepared witH methyl acrylate 
(8.0 ml), CuPFi (33.1 mg), 4,4'-di(5-nonyl)-2^*-bipyridine (81.4 mg). copper (I) bromide 
(1 .3 mg) and methyl 2 - bromopropionatc (22.3 mL). These stock solutions were transferred 
to glass tubes and degassed by freeze - pump - thaw. The tubes were then sealed under 
vacuum and heated in a 90 °C oil bath. The lubes were removed at various intervals and 
analyzed for conversion (GC) and molecular weight (SEC). 



Time Chr) 


Conversion 
(%i 


In [MJ[M\ 


M. 




M, theo 


0.38 


52.7 


0,75 


8,600 


1.62 




0.75 


61.2 


0.95 


19^00 


1.34 




1.08 


96.0 


3.21 


33.300 


1.28 




1.57 


97.5 


3.69 


34.200 


1.27 




2.03 


08.4 


4.12 


34.100 


L32 




2.40 


98.6 


4.26 


34.800 


1.35 


39,400 



Example 124 

Polymerization with CuPF^ / CuBn: Stock solutions were prepared with methyl acrylate 
(8.0 ml). CuPFi (33.1 mg). 4,4'Hdi(5-nonyl)-2,2*-bipyridine (81.4 mg), copper (II) bromide 
(2.0 mg) and methyl 2-bromopropionate (22.3 mL). These stock solutions were transferred to 
glass tubes and degassed by freeze - pump - thaw. The tubes were then sealed under vacuum 
and heated in a 90° C oil bath. The tubes were removed at various intervals and analyzed for 
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conversion (GC) and molecular weight (SEC) 



Time (hr) 


Conversion (Vo^ 


In [MyrM] 


Mq 






0.17 


4.9 


0,05 


0 






0,33 


8.1 


0.08 


4,60 


2.16 




0.50 


17.0 


^ 0.19 


4,700 


1.41 


i 


0.67 


6.4 


0.06 


6.900 


1.29 




0.83 


26.1 


0.30 


9.500 


1.20 


10,500 1 



Methyl Methacrylate 
E?^amp|e 135 

Initiated with p-toluenesulfonyl chloride: Stock solutions were prepared with methyl 
methacrylate (8.0 ml). CuPF^ (39.0 mg), 4,4'-<li(5-nonyl)-24'-bipyridine (152.6 mg), and p- 
toluenesulfonyl chloride (71,3 mg). These stock solutions were transferred to glass tubes and 
degassed by freeze - pump - thaw. The tubes were then sealed under vacuum and heated in a 
90 °C oil bath. The tubes were removed at various inten'als and analyzed for conversion 
(GC) and molecular weight (SEC). 



Time fhr) 


Conversion 
(%) 


In fM1./[Ml 


M„ 




M„ theo 


0.50 


46.7 


0.27 


11.500 


1.35 




i 1.05 


62.1 


042 


17.100 


1.19 




1.50 


72.0 


0J5 


22300 


l.ll 


! 


2,00 


77.9 


0.66 


22,400 


1.17 




2.50 


88.7 


0.95 


26.100 


1.16 


19.000 



Carboxylates (RCOO*) 
Example 126 

Comparative Polymerization using CuBr/ 4,4'-di(5-nonyI)-2^'-bipyridine : The 
following reagents were transferred into glass tubes purged with argon: 12.6 mg (8,73 x 10*^ 



PCT/US98/04333 
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mmol) of CuBr. 1.0 ml (8.73 mmol) of sryrcnc. 12.0 ml (8.73 x 10*^ mmol) of l-phenvlcthyl 
bromide and 7 1 .2 mg ( 1 7.5 x 1 0*^ mmol) of 4.4'-di(5-nonyi)-2^*-bipyridine . Each lube 
was degassed tlircc times by "frccze-pump-thaw" cycles and scaled under vacuum. The cubes 
were placed in an oil bath themiostaied at QO^'C and were removed from the oil bath at timed 
intervals. 



Sample 


Timefhr) 


CpRversion 
(%1 








1 


1.5 


11.4 


1200 


2,200 ■ 


1.13 


2 


3.0 


31.2 


3,200 


3,100 


1.15 




4.5 


43J 


4,500 


4.000 


1.15 


4 


6.0 


48.2 


5.000 


5.000 


I.IO 



Acetate 
Example 127 

Bulk Polymerization of Styrene using two 4,4'-di(5-nonyl)-2,2'-bipyridine / CuOAc: 
The following reagents were transfened into glass tubes purged with argon: 10.7 mg (8.73 .\ 
10-^ mmol) of CuO Ac. l.0ml(8.73 mmol) of styrene. 12.0 ml (8.73 x 10*^ mmol) of l- 
phenylethyl bromide and 71.2 mg (17.5 x 10*^ mmol) of 4-4'-di(5-nonyl)-2.2'-bipyridine . 
Each lube was degassed three times by "freeze-pump-thaw" cycles and sealed under vacuum. 
The tubes were placed in an oil bath thcrmo stated at 90*'C and were removed from the oil 
bath at limed intervals. 



Sample 


Timefhr) 


Conversion 
(%1 








I 


1.0 


37.1 


3,900 


5,500 


1.34 


2 


2.0 


57.6 


6,000 


10,100 


1.20 


3 


3.0 


83.3 


8,700 


13,500 


1.49 



Example 128 

Bulk Polymerization of Styrene using one 4,4'-di(5-nonyI)-2;2'-bipyridine/ CuOAc: 
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The following rcagcms were transferred into glass cubes purged with argon: 1 0,7 mg (8.73 x 
lO'^mmol) ofCuOAc, 1.0 ml (8.73 mmol) of styrenc, 12.0 ml (8.73 x 10'^ mmol) of l- 
phcaylcihyl bromide and 35.6 mg (8.73 x 10'- mmol) of 4.4'-di(5-nonyl)-2,2'-bipyridine. 
Each tube was degassed three times by "freeze-pump-thaw'* cycles and sealed under vacuum. 
The tubes were placed in an oil bath thcrmostated at 90^C and were removed from the oil 
bath at timed intervals. 



Sample 


Time(h) 


Conversion 
£%1 


Mn m 


M, (SEC) 




I 


• 1.0 


26.4 


2,700 


3,300 ■ 


1.54 1 


2 


2.0 


52.8 


5^00 


7.200 


1.24 ! 


3 


3.0 


74.0 


7,700 


8,500 


1.33 ! 


4 


4.0 


92.8 


9,700 


11.500 


1.44 : 



Example 129 

Bulk Polymerization of Styrene using 0.5 CuBr / 2 4,4'-di(5-nonyl)-2^'-bipyridine / 
O.SCuOAc: The following reagents were inmsferred into glass lubes purged with argon: 5.5 
mg (4.36 X 10"^ mmol) of CuOAc, 6.3 mg (4.36 x 10*^ mmol) of CuBr, 1.0 ml (8.73 nninol) of 
styrene, 12.0 ml (8.73 x 10'^ mmol) of l-phenylethyl bromide and 71.2 mg (17.5 x 10*- 
mmol) of 4.4*-di(5-nonyi)-2.2*-bipyridine . Each tube was degassed three times by "freeze- 
pump-thaw" cycles and sealed under vacuum. The tubes were placed in an oil bath 
thermostated at 90*'C and were removed from the oil bath at timed intervals. 



JJarripIc 


Timcihr) 


Conversion 
(%) 






1 


1 


1.0 


16.8 


1,700 


2.500 


1.23 . 


2 


2.0 


32-4 


3,400 


4,500 


1.15 


3. 


3.0 


50.7 


5,300 


6J00 


1,14 


4 


4.0 


58.9 


6,100 


7,900 


1.24 



Example 1 30 

Bulk Polymerization of Styrene using O.lCuBr, / 2,2 4,4'-di(5-nonyl)-2,2'-bipyridine / 
CuOAc: The following reagents were transferred into glass tubes purged with argon: 10,7 
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mg(8.73x 10-*mmol)ofCuOAc. 2.0 mg (0.87 x 10*^ mmol) of CuBr,. I.O ml (8.73 mmoi) 
of styrcnc. 12.0 ml (8,73 x lO** mmol) of l-phenylethvl bromide and 78,3 mg (19.2 x 10*^ 
mmol) of 4,4'^i(5-nonyi)-2.2'-bipyridine . Each tube was degassed three times by "freeze- 
pump-ihaw" cycles and sealed under vacuum. The tubes were placed in an oil bath 
thermostated at 90°C and were removed from the oil bath at timed intervals. 



Sample 


Timefhr^ 


Conversion 
(%) 








1 


1.0 


27.5 


2,900 


3,200* 


1,34 


2 


2.0 


46.6 


4,800 


6,200 


1.18 


3 


3.0 


66.5 


6,900 


8,700 


1.18 


4 


5.0 


90.3 


9.400 


11,500 


1.24 



2 - Thiophenecarboxylate 

Copper (I) 2-thiophcnccarboxyIalc (CuTc) was prepared according to G. D. Allrcd. L. S. 
Liebeskind J. Amer. Chem, Sac, ( 1 996) 1 1 8. 2748 



Example 131 

Bulk Polymerization of Styrene using two 4,4'-di(5-nonYl>-2,2'-bipyridine / CuTc: The 
following reagents were transferred into glass tubes purged with argon: 16.6 mg (8.73 x 
10-^ mmol) of copper (I) 2-ihiophenecarbpxylace (CuTC), 1 .0 ml (8.73 mmol) of st>Tene. 
12.0 ml (8.73 x lO"^ mmol) of 1-phenylcthyi bromide and 71.2 mg (17.5 x 10"- mmol) of 
4,4'-di(5-nonyl)-2,2'-bipyridine. Each tube was degassed three times by "freeze-pump-thaw" 
cycles and sealed under vacuum. The tubes were placed in an oil bath thermostated at 90°C 
and were removed from the oil bath at timed intervals. 
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3^rap|e. 


limcfhr) 


Conversion 




M.fOPCT 


M.J/M, 


I 


KO 


217 


2,400 


2,600 


1.56 


2 


2.0 


35.5 


3,700 


5.000 


1.21 


J 


4.0 


44.8 


4,700 


7.400 


' . 1.18 


4 


6.0 


58.0 


6,000 


9.300 


1.20 



Example 132 , 

Bulk Polymerization of Styreae using 4,4'-di(5-nonyi)-2^'-bipyridine / CuTc: The 
following reagents were transferred into glass tubes purged with argon: 16.6 mg (8.73 x 10"^ 
mmol) of copper (I) 2-thiophcnccarboxylatc. 1.0 mi (8.73 mmol) of styrcnc. 12.0 ml (8.73 x 
10-- mmol) of l-phenylethyi bromide and 35.6 mg (8.73 x 10*- mmol) of 4,4*-di(5-nony[)- 
2.2'-bipyridine. Each tube was degassed three times by "freeze -pump-thaw" cycles and 
sealed under vacuum. The tubes were placed in an oil bath thermostated at 90''C and were 
removed from the oil bath at timed intervals. 





Tim<;fhr) 


ConvcniQn 




MnfGPC) 




I 


l.O 


20.0 


2,100 


3,500 


1.33 


2 


2,0 


35.0 


3,600 


5.100 


1:23 


3 


4.0 


51.9 


5.400 


7,400 


I.IS 


4 


6.0 


67.0 


7,000 


9.900 


1.23 



Triflate 
Cxamnle 111 

Bulk polymerization of styrene/ l-phenylethylbromide / Cu(OT0i/ Cu(0) wii/t bpy: A 
10 mL Schlcnk flask was charged vAih Cu(0) (28 mg; 0.44 mmol), Cu(0Tf)2 (16 mg; 0.044 
mmol), 2, 2'-bipyridine (34 mg; 0.22 mmol), l-phenylethylbromide (60 mL; 0.44 mmol), 
and styrene (5 mL; 43.7 mmol) followed by 0.5 mL of chlorobcnzene as an internal 
reference. The reaction flask was charged with a stir bar and then fined with a rubber 
septum. The reaction solution was then put through frcczc-vacuum-thaw cycles three times 
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to remove dissolved gasses and then put under an argon atmosphere. The flask was then 
immersed in an oil bath and held by a thermostat at 1 10*'C with rigorous stirring. At various 
times, samples were taken via syringe and quenched with THF. The volume lost by sample 
removal was replaced with argon. The samples were used to monitor monomer conversion 
relative to the internal reference (GC) and molecular weight (SEC). 



time (min) 


% conversion 


MiSEQ 




M../M, 


inrrN^iyrMi) 


10 


6 


2020 


635 


1.71 


0.062 


23 


24 


4068 


2542 


1.41 


0.274 


40 


35 


5651 


3707 


1.36 


0.431 


55 


39 


6370 


4130 


1.33 


0.494 


80 


45 


6838 


4766 


1.37 


0.598 


' 95 


47 


7065 


4977 


1.37 


0.635 


120 


50 


7400 


5295 


1.39 


0.693 


150 


54 


7474 


5719 


.1.42 


0.777 i 



Example 134 

Bulk polymerization of styrene / l-phenylethylbromide / Cu(OTf)2 / Cu(0) with dTbpy: 
A 10 mL Schlcnk flask was charged with Cu(0) (20 mg; 0.31 mmol), Cu(OT02 (16 mg; 
0,044 mmol), 4, 4'-di(5-/err-bu!yl)-2.r-bipyridine (59 mg: 0.22 mmol). 1- 
phenylethylbromidc (60 mL; 0.44 mmol), and styrene (5 mL: 43.7 mmol) followed by 0.5 
mL of chlorobenzene as an internal reference, Tlie reaction flask was charged with a stir bar 
and then fitted with a rubber septum. Tlie reaction solution was then put through freeze- 
vacuum-thaw cycles three limes to remove dissolved gasses and then put under an argon 
atmosphere. The flask was then immersed in an oil bath and held by a thermostat at 1 lO^C 
with rigorous stirring. At various times, samples were taken via syringe and quenched with 
THF. The volume lost by sample removal was replaced with argon. The samples were used 
to monitor monomer conversion relative to the internal reference (GC) and molecular weight 
(SEC). 
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time (min) 


% conversion 








inrrMi./rM].>i 


10 


26 


4664 


2753 


1.2 


0.301 


20 


33 


6413 


3495 


1.2 


0.400 


30 


38 


7534 


4024 


1.19 


0.478 


45 


42 


7852 . 


4448 


1.24 


0.545 


60 


42 


7752 


4448 


1.28 


0.545 


90 


43 


7719 


4554 


1.3 


0,562 



Fxampte 135 

Bulk polymerization ofstyrene/ 1-phenylethyibroraide / CuCOTOj / Cu(0) with dNbpy. 
A 10 mL Schlenk flask was charged with Cu(0) (28 mg; 0.44 nimol), CuCOTf). (16 mg; 
0.044 mmol), 4,4*-di(5-nonyi)-2^'-bipyridine (88 mg; 0.22 mmol), 1-phcnylethylbromidc (60 
mL; 0.44 mmol), and styrene (5 mL; 43.7 mmoH followed by 0.5 mL of chlorobenzene as an 
incemal reference. Tlic reaction flask was charged with a stir bar and then flttcd vAih a rubber 
septum. The reaction solution was then put through freeze-vacuum-thaw cycles three times 
to remove dissolved gasses and then put under an argon atmosphere. The flask was then 
immersed in an oil bath and held by a thermostat at 1 lO'C with rigorous stiaing. AL various 
times, samples were taken via syringe and quenched with THF. Tlic volume lost by sample 
removal was replaced with argon. The samples were used to monitor monomer conversion 
relative to the internal reference (GC) and molecular weight (SEC). 



time (min) 


% conversion 


KfSEQ 






InrfMlVfMI.) i 


10 


24 


4110 


2542 


1,4 


0,274 i 


20 


38 


7560 


4024 


1.32 


0.478 1 


30 


46 


9790 


4871 


1.34 


0.616 . 


40 


53 


10670 


5613 


1,44 


0.755 


50 


57 


11580 


6036 


1.49 


0.844 


66 


61 


11990 


6460 


1.59 


0.942 



Example 136 

Bulk polyraerization of Methyl Acrylate / methyl 2-bromopropionate / Cu(OT02 / Cu(0) 
with bpy: A 10 mL Schlenk flask was charged with Cu(0) (2 rag; 0.032 mmol), CuCOTO: 
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(12 mg; 0.033 mmol). 2, 2' - bipyridine (.48 mg; 0.31 mmol), meihyl 2-bromo propionate (37 
mL; 0,33 mmol) and methyl acrylate (6 mL; 66.6 mmol) followed by 0.5 mL of 
chlorobenzene as an internal reference. The reaction flask was charged with a stir bar and 
then fitted with a rubber septum. The reaction solution was dien put through frcezc-vacuum- 
thaw cycles three times to remove dissolved gasses and then put under an argon atmosphere. 
The flask was then immersed in an oil bath and held by a thcmiostat at SO^'C with rigorous 
stirring. At various times, samples were taken via syringe and quenched with THF. The 
volume lost by sample removal was replaced widi argon. The samples were used to monitor 
monomer conversion relative to the internal reference (GC) and molecular weight (SEC). 



time (min) 


% conversion 


M„(SEC) 


M„(th) 






10 


11 


5680 


1914 


1.52 


0.117 


20 


17 


5690 


2958 


1.53 


0.186 


30 


30 


6560 


5220 


1.48 


0.357 


40 


35 


9170 


6090 


1.34 


0.431 


50 


45 


10230 


7830 


1.3 


0.598 


60 


52 


11120 


9048 


1.27 


0.734 



E?<:ample 13? 

Bulk polymerization of Methyl Acrylate / methyl 2-broraopropionate / Cu(OT0z / Cu(0) 
with dTbpy: A 10 mL Schlcnk flask was charged with Cu(0) (2 mg; 0.032 mmol). Cu(0Tf)2 
(12 mg; 0.033 mmol). 4.4'-di(5-/m-butyl)-2.2'-bipyridine (36 mg;.0.13 mmol), methyl 2- 
bromopropionaic (37 mL: 0.33 mmol) and methyl acrylate (6 mL: 66.6 mmol) followed by 
0.5 mL of chlorobenzene as an internal reference. The reaction flask was charged with a stir 
bar and then flrted with a rubber septum. Tlie reaction solution \vas then put through freczc- 
vacuum-thaw cycles three times to remove dissolved gasses and then put under an argon 
atmosphere. The flask was then immersed in an oil bath and held by a thermostat at 80**C 
with rigorous stirring. At various times, samples were taken via syringe and quenched with 
THF. The volume lost by sample removal was replaced with argon. The samples were used 
to monitor monomer conversion relative to the internal reference (GC) and molecular weight 
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(SEC). 



Time ( min) 


% Conversion 


M,(SEC) 






lnf[Ivf]y[M],) 


10 


39 


7910 


6786 


1,68 


0.494 


20 


58 


9240 


10092 


1.45 


0.868 


30 


66 


11080 


11484 


1.33 


1.079 


40 


73 


12320 


12702 


1.26 


1.309 



B?<:amplg 138 

Bulk polymerization of Methyl Acrylate / methyl 2-bromopropionate / Cu(OTf)2 / Cu(0) 
with dNbpy\ A 10 mL Schlcnk flask was charged with Cu(0) (2 mg; 0.032 mmol), Cu(OT02 
(12 mg; 0.033 mmol), 4, 4' - di(5-nonyl) - 2, 2* - bipyridine (54 mg; 0.13 mmol), meihyl 2- 
bromopropionatc (37 mL: 0.33 mmol) and methyl acr>'late (6 mL: 66.6 mmoH followed by 
0.5 mL of chlorobenzene as an internal reference. The reaction flask was charged with a stir 
bar and then fitted with a rubber septum. The reaction solution was then put through freeze- 
vacuum-thaw cycles three limes to remove dissolved gasses and then put under an argon 
atmosphere. The flask was then immersed in an oil bath and held by a thermostat at 80 C 
with rigorous stirring. At various times, samples were taken via syringe and quenched with 
THF. The volume lost by sample removal was replaced with argon. The samples were used 
to monitor monomer conversion relative to the internal reference (GC) and molecular weight 
(SEC). 



Time (min) 


% Conversion 


M„(SEC) 


M,(th) 




ln([M],/[Ml,) 1 


62 


I 


14530 


174 


1.59 


0.010 


70 


14 


13790 


2436 


1.6 


0.151 


80 


44 


12640 


7656 


1.65 


0.580 


91 


49 


11470 


8526 


1.7 


0.673 


105 


59 


12060 


10266 


1,61 


0.892 


115 


71 


12090 


12354 


1.54 


1:238 
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Example 139 

Bulk polymerization of Methyl Acry.late/ methyl 2-bromopropionate / Cu(OTf), / Cu(0) 
iv///x triamine Ugand: A 10 mL Schlcnk flask was chaxgcd with Cu(0) (2 mg; 0.032 mmol). 
Cu(OTf): (12 mg; 0.033 mmol)» N. N. A". N\ /v^'-Pentamethyldiethylenetriamine (14 mL; 
0.067 mmol), methyl 2-bromopropionate (37 mL; 0.33 mmol) and methyl acryiate (6 mL; 
66.6 mmol) followed by 0.6 mL of chlorobenzene as an internal reference. The reaction flask 
was charged with a stir bar and then fitted with a rubber septum. The reaction solution was 
then put through frceze-vacuum-thaw cycles three times to remove dissolved gasses and then 
put under an argon atmosphere. The flask was then immersed in an oil bath and held by a 
thermostat at 80^*0 with rigorous stirring. At various times, samples were taken via syringe 
and quenched with THF. The volume lost by sample removal was replaced with argon. TTie 
samples were used to monitor monomer conversion relative to the internal reference (GC) 
and molecular weight (SEC). 



Time (min) 


% Conversion 


K(SEC) 


M„(tli) 




ln([M]y[M],) 


0.67 


33 


6170 


5742 


l.l 


0.400 


1.72 


55 


9330 


9570 


1.07 


0.799 


. 1.92 


58 


9730 


10092 


1.07 


0.868 


2.25 


61 


9980 


10614 


1.07 


0.942 


2.67 


62 


10340 


10788 


1.07 


0.968 


3.5 


70 


11020 


12180 


1.09 


1.204 


j 4.5 


77 


11417 


13398 


1.07 


1.470 



Example 140 

Bulk polymerization of stvrene / l-phenylethylbromide / Cu(OT0i / Cu(0) with triamine 
iigand: A 10 mL Schlenk flask was charged with Cu(0) (8.3 mg; 0.13 mmol). Cu(OT02 
(16 mg; 0.044 mmol), N. N\ N\ yV"-Pentamcthyldicthylenctriaminc (18 mL; 0.087 mmol), 
1 -phcnylethylbromide (60 mL; 0.44 mmol), and styrene (5 mL; 43.7 mmol) followed. by 0.5 
mL of chlorobenzene as an internal reference. The reaction flask was chau-ged with a stir bar 
and then fitted with a rubber septum. The reaction solution was then put through freeze- 
vacuum-thaw cycles three times to remove dissolved gasses and then put under an argon 
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atmosphere. The flask was then immersed in an oil bath and held by a thermostat at 1 10°C 
with rigorous stirring. At various times, samples were taken via syringe and quenched with 
THF. The volume lost by sample removal was replaced with argon. The samples were used 
to monitor monomer conversion relative to the internal reference (GC) and molecular weight 
(SEC). 



Time (min) 


% Conversion 


M„(SEC) 


^4(th) 






25 


25 


3300 


2648 


1.13 


0.288 


60 


39 


5130 


4130 


l.ll 


0.494 


95 


48 


6590 


5083 


1. 11 


0.654 


120 


53 


7180 


5613 


1.14 


0.755 


135 


57 


7880 


6036 


1.14 


0.844 


230 


64 


, 8720 


6778 . 


1.18 


1.022 



R-X/CuY 
Example 141 

Solution Polymerization of Methyl Methacryiatc / 1 - Phenylethyl Chloride / CuCl: A 
dry round-bonomed flask was charged with CuCl (23.2 mg; 0.234 mmol), 4, 4'-di(5-nony!)- 
2.2*-bipyridinc (190.9 mg; 0.468 mmol) and dipheny! ether (10.0 ml). The flask was sealed 
with a rubber septum and was cycled between vacuum and argon three times to remove the 
oxygen. Degassed methyl methacr>'latc (10.0 ml; 93.6 mmol) was added using degassed 
syringes and stainless steel needles. The 1 -phenylethyl chloride (62 mL; 0.468 mmol) was 
added and the flask was immersed in an oil bath held by a thermostat at 9Q°C. At various 
times samples were taken via syringe to monitor conversion (GC) and niolecular weight 
(SEC). 
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Time (h) 


Conversion (Yq) 




M„.SEC 


M... / 


l.O 


31 


6200 


26400 


3.34 


2.0 


59 


11800 


33100 


3.20 


3.0 


62 


12400 


35000 


2.80 


4.0 


77 


15400 


38400 


2.40 


20,0 


95 


19000 


32200 


2.60 



E?canripk 142 

Solution Polymerization of Methyl Methacrylate / 1 - Phenylethyi Chloride / CuBn A 
dry round-bottonied flask was charged with CuBr (34.0 mg; 0.234 mmol), 4,4*-di(5-nonyl)- 
2,2*-bipyridine (190.9 mg; 0.468 mmol) and diphcnyl ether (10,0 ml). The flask was scaled 
with a rubber septum and was cycled between vacuum and argon three times to remove the 
oxygen. Degassed methyl meLhacrylaic (1 0.0 mi; 93.6 mmol) was added using degassed 
syringes and stainless steel needles. The I -phenylethyi chloride (62 mL; 0.468 mmol) was 
added and the flask was iniraersed in an oil bath held by a thermostat at 90'*C. At various 
times samples were taken via syringe to monitor conversion (GC) and molecular weight 
(SEC). 



Time (h) 


Conversion (%) 




H..SEC 




1.0 


28 


5600 


96000 


2.95 


2.0 


53 


10600 


105000 


2.77 


3.0 


62 


12400 


98000 


2.95 


16.0 


93 


18600 


76000 


3.22 



Examt?lg 143 

Solution Polymerization of Methyl Methacrylate / I - Phenylethyi Bromide / CuCl; A 
dry round-bottomed flask was charged with CuCl (23.2 rag; 0.234 mmol). 4,4'-di(5-noQyl)- 
2,2'-bipyridine (190.9 mg; 0.468 mmol) and diphenyl ether (10.0 ml). The flask was sealed 
with a rubber septum and was cycled between vacuum and argon three times to remove the 
oxygen. Degassed methyl methacrylate (lO.O ml; 93.6 mmol) was added using degassed 
syringes and stainless steel needles. The I -phenylethyi bromide (64 raL; 0.468 mmol) was 
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added and the flask was immersed in an oil bath held by a ihcmiosia: at 90 "C. At various 
times samples were taken via syringe lo monitor conversion (GC) and molecular weight 
(SEC). 



Tim? fh) 


Conversion (Vo) 




Mn.SEC 


M.. /M, 


1.0 


55 


1 1000 


15800 


1.31 


2.0 


63 


12600 


18600 


1.30 


3.0 


72 


14400 


21000 


1.29 


21.0 


97 


19400 


22200 


1.28 



Example 144 

Soiution polymerization of methyl methacrylate/methyl 2-bromopropionate/CuCl 
(MMA/MeBrP/CuCl/dNbipy): A dry Schienk flask with magnetic stirring bar was charged 
withCuCl (13.8 mg; 0.139 mmol). 4,4-di(5-nonyi)-2.2-bipyndinc fl 14.4 mg; 0.280 mmol), 
diphenyl ether (5.0 ml) and methyl meihacrylate (5,0 ml; 46,74 mmol). The flask was sealed 
with a rubber sepaim and the solution degassed by repeated frccze-pump-thaw cycles, then 
placed under an argon atmosphere. The methyl 2-bromopropionate (10.4 mL; 0.0935 mmol) 
was added and the flask was immersed in an oil bath held by a thermostat at 90°C. At 
various times samples were taken via syringe to monitor conversion (GC) and molecular 
weight (SEC). 



Time (h) 


Conversion {%) 


M„ (theor) 


M„ (SEC) 




0.5 


18 


8750 


12,300 


1.47 


1 


42 


21,000 


19300 


1.33 


1.5 


55 


27.500 


18,800 


1.27 


2 


68 


33.900 


25;200 


1.25 


4 


78 


38,800 


31,400 


1.22 


24 


93 


46,500 


35,400 


1.21 



Example 145 

Solution polymerization of methyl methacrylate/ethyl 2-bromobobutyrate/CuCl 
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(MMA/Et-2Br-iB/CuCl/dNbipy): A dry Schlenk flask with magnetic stirring bar was 
charged with CuCl (23.4 mg; 0.23 mmpl), 4»4-di(5-nonyl)-2,2-bipyridLnc (190.9 mg; 
0.47 mmoi), diphenyl ether (5.0 ml) and methyl meihacrylate (5.0 ml; 46.74 mmol). The 
flask was scaled with a rubber septum and the solution degassed by repeated freeze-pump- 
thaw cycles, then placed under an argon atmosphere. The ethyl 2-bromoisobucyrate (34 mL* 
0.23 mmol) was added over 5 niin. and the flask was immersed in an oil bath held by a 
themiostat at 90**C, At various times samples .were taken via syringe to monitor conversion 
(GC) and molecular weight (SEC). 



Time (h) 


Conversion (%) 


Mn (thcor) 


Ntn(SEC) 


Mw/Mn 


0.5 


32 


6,480 


• 7.300 


1.27 


1 


53 


10.700 


9,300 


1.24 


( ■ ■■ ........ 

3 


66 


□ago 


1L600 


1.21 


5 


77 


15,400 


15,000 


1.16 



Effect of Solvent on ATRP 
ATRP in Ethylene Carbonate 
Example 146 

Solution Polymerization of n-Butyl Acrylate in Diphenyl Ether (Initiator = 1 - 
Phenylethyl Bromide): A dry round-bottomed flask was charged with CuBr (0.250 g; 
1.74x10-^ moi), 2,2'-bipyridyl (0.816 g; 5.23x10*^ mol) and diphenyl ether (lO.O ml). Tlie 
flask was sealed with a rubber septum and was cycled between vacuum and argon three times 
to remove the oxygen. Degassed /j-butyl acrylate (10.0 ml; 6.98x1 0'^ mol) was added using 
degassed syringes and stainless steel needles. The 1 -phenylethyl bromide (0.238 ml; 
1.74x10** mol) was added and the flask was immersed in an oil bath held by a thermostat at 
I00**C. After 65 min, the conversion of n-butyl acrylate was 42%. After 480 min, the 
conversion was 95%, and the produced poly(n-butyi acrylate) had M„=5100 and 
iM,yM„=l.87. 

Example 147 
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Solution Polymerization of n-Butyl Acryiate in Benzene (Initiator = 1-Phenylethyl 
Bromide): A dry round-bottomed flask was charged with CuBr (0.250 g; 1.74x10*^ rnol) and 
2,2'-bipyridyl (0.816 g; 5.23x10*^ tnol). The flask was sealed with a rubber septum and was 
cycled between vacuum and argon three times to remove the oxygen. Degassed /7-butyl 
acrylatc (10.0 ml; 6.98x10'^ mol) and anhydrous benzene (10.0 ml) was added using degassed 
syringes and stainless steel needles. The methyl 2-bromopropionate (0.194 ml; 1,74x10"^ 
mol) was added and the flask was immersed in an oil bath held by a thermostat at SCC. After 
1 GO min, the conversion of rt-butyl acryiate was 9%. After 43 80 min, the conversion was 
72%, and the produced poly(/z-butyi acryiate) had M„=9100 and M,yM„=2*42. 

Example 148 

Solution Polymerization of n-Butyl Acryiate in Propylene Carbonate (Initiator = I- 
Phenylethyi Bromide): A dry round-bottomed flask was charged with CuBr (0.250 g; 
L74xl0*-* mol), 2,2'-bipyridyl (0.816 g; 5.23x10-^ mol) and propylene carbonate (10.0 mi). 
The flask was sealed with a rubber septum and was cycled between vacuum and argon three 
times to remove the oxygen. Degassed /i-butyl acryiate (lO.O ml; 6.98xl0'^ mol) was added 
using degassed syringes and stainless steel needles. Tlic 1 -phenylethyi bromide (0.238 ml; 
1.74x10*^ mol) was added and the flask was immersed in an oil bath held by a thenriostat at 
100°C. After 60 min, the conversion of n-butyl acryiate was 49%. After 480 min, the 
conversion was 94%, and the produced poly(n-butyl acryiate) had M„=4700 and 
MyM=l.27. 

Example 149 

Solution Polymerization of n-Butyl Acrylatc in Ethylene Carbonate (Initiator == Methyl 
2- Bromopropionate): A dry round-bottomed flask was charged with CuBr (0.250 g; 
1.74x10'^ mol), 2,2'-bipyridyl (0.816 g; '5,23x10*^ mol) and ethylene carbonate (lO.O g). The 
flask was sealed with a rubber septum and was heated to melt the ethylene carbonate, and was 
cycled between vacuum and argon three times to remove the oxygen. Degassed /i-butyl 
acrylatc (lO.O ml: 6.98x10'^ mol) was added using degassed syringes and stainless steel 
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needles. The methyl 2-bromopropionate (0.194 ml; 1.74x10-^ mol) was added and the flask 
was immersed in an oil bath held by a thcmnostat at lOO^C. After 60 min, the conversion of 
M-butyl acrylate was 97%, and the produced poly(rt-butyl acrylate) had Mn=5400 and 
M,yM„=123. 

Example 1 SO 

Solution Polymerization of n-Butyl Acrylate in Ethylene Carbonate (Initiator = 1- 
Phenylethyl Bromide): A dry round-bottomed flask was charged with CuBr (0.250 g; 
1.74x10*^ mol), 2,2'-bipyridyl (0.816 g; 5.23x10'^ mol) and ethylene carbonare (10.0 g). The 
flask was sealed with a rubber septum and was heated to melt the ediylene carbonate, and 
was cycled between vacuum and argon three times to remove the oxygen. Degassed n-butyl 
acrylate ( iO.O ml; 6.98x10"- mol) was added using degassed syringes and stainless steel 
needles. Tlic ). 1-phcnylethyl bromide {0.238 mi: 1.74x10'^ mol) was added and the flask 
was immersed in an oil bath held by a thermostat at lOO^C. After 60 min, the conversion of 
n-butyl acrylate was 99%, and the produced poly(/i-butyl acrylate) had M„=5000 and 
M,yM„=l.36. 

ATRP in DMF 
Example 151 

Polymerization of Methyl Acrylate in DMF/MethYl-2-bromopropionate/CuBr: A glass 
tube was charged with CuBr (0.0136 g; O.l mmoU, 1,1. 4,7.1 0.10-hexamethyltricthylene 
tctraaminc (0.026 mL: 0.1 mmol), meihyi bromopropionate (0.0 1 1 mL; 0.1 mmol), methyl 
acrylate (l.O mL; 1 l.l mmol). and DMF (l.O mL). The tube was immediately frozen in 
liquid niut)gen and placed under vacuum. Oxygen was removed using three frcezc-pump- 
thaw cycles. The tube was sealed imder vacuum and placed in a thermostaied oil bath at 
90°C. After 20 hours, ihe tube was frozen in liquid nitrogen and broken open. The contents 
were analyzed for conversion ('H NMR) and molecular weight (SEC). Conversion: >95% 
M„(theo) = 10,000; M„ (SEComf) = 38,000: M„/M„ (SEComf) = 1.18 
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Fxample 152 

Solution Polymerization of 2-HydroxyethYl Methacrylate/Ethyl-2- 
Brotnoisobutyrate/CuBr/CuBr,: A round-bottomed flask was charged with CuBr 
(0.0245 g; 0.17 mmol), CuBr, (0.0049 g; 0.02 mmol) and 2,2*-bipyridinc (0.0679g; 
0.4 mmol). The flask was cycled between vacuum and argon three times to remove oxygen. 
2-Hydroxyeihyl methacrylatc (4.2 mL; 30.1 mmol) and DMF (16.8 mL) were sparged for 45 
minutes before addition to the flask via degassed syringes and the solution was stiaed for 30 
minutes to dissolve CuBr,. To each of six tubes was added Ethyl-2-Bromoisabutyrate (1.8 L; 
0.01 mmol) and 3 mL of the stock solution. Each tube was immediately frozen and placed 
under vacuum. Oxygen was removed using five freeze-pump-thaw cycles. At intervals 
timed from the end of the final thaw, tubes were frozen in liquid nitrogen and broken open. 
The contents were analyzed for conversion (GC) and molecular weight (SEC). M„ (theo) = 
52,000 



Time (h) 


Conversion(%) 


M„(SECo„f) 




2 • 


4 


19,500 


1.18 


5.75 


21 


29.700 


1.3 


14 


37 


. 41.700 


1.39 


31.1 


45 


50.200 


.1.5 


64.6 


58 


59.500 


1.7 


135.7 


71 


67,100 


1.78 



Effect of Transition Metal on Conventional Free Radical Polymcrizauon 

Acrylonitrile 

Examp le 153 

Polymerization of Acrylonitrile with AIBN: 25 .Og ( 0,284 mol ) of ethylene carbonate and 
0.0249g ( 1.52 X 10"* mol ) AlBN were put into a schlenk flask under argon. 10,0 ml 
(0.152 mol) of degassed acrylonitrile was added to the flask via syringe and then the flask 
was placed into an oil bath thermosiated at 64**C. 4ml samples were removed at certain time 
intervals. 3ml of die sample was dissolved in 6mi THF for GC analysis and Iml in DMF for 
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GPC measurement. The conversion was determined with GC and the molecular weight and 
molecular weight distribution were obtained from GPC using polystyrene standards. 



Time f hpur) 


Conversion (%) 


InffMVfMl) 


M„ (GPC) 


M.../M. 


0.75 


86.1 


0.09 


178.700 


3.47 


1.5 


22.0 


. 0.25 


425,200 


1.54 


3.25 


62.5 


0.98 


495.300 


1.53 



Example 1 ?4 

Polymerization of Acrylonitrile with AIBN, and CuBr / Bipyridine: 25.0g ( 0.284raol ) 
of ethylene carbonate . 0.0249g ( 1.52x10-^ mol ) AIBN, 0.0434g, (3.04x10-^ mol ) CuBr and 
0.0949g (6.08x10"* mol ) 2,2'-bipyridinc were put into a schicnk flask under argon. 1 0.0 ml 
((0. 1 52 mol ) of degassed acryloniuile was added to the flask via syringe and the flask was 
then placed into an oil bath thcnmostatcd at 64**C. 4ml samples were taken at certain time 
intervals. 3 ml of the sample dissolved in 6ml THF for GC and I ml in DMF for GPC 
measurement. The conversion was determined with GC and the molecular weight and 
molecular weight distribution were obtained from GPC using polystyrene standards. 



Time Chour) 


Conversion (Va) 


\naM]J\M]) 


M, fGPC^ 


M... / M . 


I 


3.4 


0.04 


NA 


NA 


3 


6.5 


0.07 


60.200 


1.53 


' 5 


12.6 


0.13 


69.800 


1.46 


; 8 


16.3 


0.18 


86.900 


1,33 


10 


28.3 


0.33 


74.400 


1.51 


21.5 


42.1 


0.55 


79.700 


1.58 


46 


54.0 


0.78 


80.400 


1.58 



Methyl Acrylate 
Exg^pje Ig? 

Polymerization of Methyl Acrylate with AIBN: 0.0728 g ( 4.43 xlO^ mol ) AIBN were 
put into a schlenk flask under argon. 10 ml degassed toluene and 4 ml ( 4.43 xlO"^ mol ) 
degassed methyl acrylate were added to the flask via syringe and the flask was then placed 
into an oil bath thermostated at 50 ^'C. 0.5 ml samples were taken at certain dme intervals and 
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dissolved in I ml THF. The conversioQ was determined with GC and the molecular weight 
and molecular weight distribution were obtained from GPC usmg polystyrene standards. 



Time (hour) 


Conversion (Vo) 


inrrMi7rMi> 




M.../M. 


1.0 


33.7 


0.41 


1.00*10^ 


2.48 


1.5 


49.4 


0.68 


75.500 


2.80 


2.0 


55.2 


0.80 


71.700 


2.89 


3.25 


71.4 


1.25 


42.900 


3,73 


5.0 


76.9 


1.46 


31.900 


4.20 



Example 15$ 

Polymerization of Methyl Acrylate with AIBN and CuBr / Bipyridine: 0.0728 g ( 
4.43 xlO^ mol ) AIBN. 0.1274 g (8.87 x lO"' mol ) CuBr and 4,4*-di(5-nonyl)-2;Z'-bipyridine 
( 1.77 X 10"^ mol) were added to a schlenk flask under argon. 10 ml degassed toluene and 4 
ml ( 4.43 xlO*- mol ) degassed methyl acrylate were added to the flask via syringe and the 
flask was then placed into an oil bath thermostated at SO^C, 0.5 ml samples were removed 
at certain time intervals and dissolved in I ml THF. The conversion was determined with GC 
and the molecular weight and molecular weight distribution were obtained from GPC using 
polystyrene standards. 



Time Chour) 


Conversion (%> 


InrrML/fMl) 


M, rOPC) 


M,../M„ 


3.833 


7.3 


0.08 


21,800 


1.36 


6.333 


20.0 


0-22 


34.400 


1.51 


9.000 


3M 


0.37 


36,000 


1.62 


18,10 


59.1 


0,90 


30.300 


1.93 


28.25 


74.5 


1.36 


21.800 


2.22 


45.42 


86.4 


2.00 


18,207 


2.37 * 



Examplg 157 

Solution polymerization of MA/ AIBN: To a 10 mL Schlenk flask was added AIBN (5.5 
mg;. 0.034 mmol). methyl acrylate (3 mL; 33.3 mmol), 3 mL of toluene and 0.6 mL of 
chlorobenzene as an internal reference. The reacdon flask was charged with a stir bar and 
then fitted with a rubber septiim. The reaction soludon was then put through freeze- vacuum- 
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thaw cycles three times to remove dissolved gasses and then put under an argon atmosphere. 
The flask was then immersed in an oil bath and held by a thennostat at 60*C with rigorous 
stirring. At various times, samples were taken via syringe and quenched with THF. The 



volume lost by sample removal was replaced with argon. The samples were used to monitor 
monomer conversion relative to the internal reference (GC) and molecular weight (SEC). 



time (min) 


% conversion 


MnSEC 


Mw/Mn 


ln([M]o/[M]t) 


15 


22 


420900 


1.63 


0.248 


30 


45 


273900 


1.84 


0.598 


45 


50 


266100 


1.82 


0.693 


60 


55 


299500 


1.69 


0.799 



Example 158 

Solution polymerization of MA / AIBN wii/t Cu(I) (via Cuffl) + Cu(0))i To a 10 mL 
Schlenk flask was added AIBN (5.8 mg; 0.035 mmol). Cu(OT02 (12 mg; 0.033 mmol), Cu(0) 
(2 mg; 0.033 mmol), 4,4'-di(5-/€rr-butyl)-2,2*-bipyridine (18 mg; 0.067 mmol), methyl 
aery late (3 mL; 33.3 mmol), 3 mL of toluene and 0.6 vc\L of chlorobenzene as an internal 
reference. The reaction flask was charged with a stir bar and then fitted with a rubber 
septum. The reaction solution was then put through freeze-vacuum-thaw cycles three times 
to remove dissolved gasses and then put under an argon atmosphere. The flask was then 
immersed in an oil bath and held by a thermostat at 60**C with rigorous stirring. At various 
times, samples were taken via syringe and quenched with THF. The volume lost by sample 
removal was replaced with argon. The samples were used to monitor monomer conversion 
relative to the internal reference (GC) and molecular weight (SEC). 



time (min) 


% conversion 


MnSEC 


Mw/Mn 


ln([M]o/[M]t) 


70 


12 


220000 


1.9 


0.128 


95 


18 


220000 


.1.8 


0.198 


120 


23 


212000 


1.8 


0.261 


170 


34 


177000 


1.9 


0.416 
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Example ]S9 

Solution polymerization of MA / AlBN with [Cu(I)0Tfl2CJ{^'. To a 10 mL Schienk flask 
was added AJBN (6.0 mg; 0.037 mmoi). [Cu(I)0Tf]:QH6 (8 mg; 0.016 mmol). 4. 4'-di(5- 
/cr/-butyl)-2,2'-bipyridiiie (17 mg; 0.064 mmol). methyl acrylale (3 mL; 33.3 mmol), 3 mL of 
toluene and 0.6 mL of chlorobcnzcnc as an intcraai reference. The reaction flsisk was 
charged with a stir bar and then fitted with a rubber septum. The reaction solution was then 
put through freeze- vacuum-thaw cycles three times to remove dissolved gasscs and then put 
under an argon atmosphere. The flask was then immersed in an oil bath and held by a 
thermostat at 60°C with rigorous stirring. At various times, samples were taken via syringe 
and quenched with THF. The volume lost by sample removal was replaced with argon. The 
samples were used to monitor monomer conversion relative to the internal reference (GC) 
and molecular weight (SEC). 



time (min) 


% conversion 


MnSEC 


Mw/Mn 


ln([M]o/(M]t) 


95 


18 


199000 


1.73 


0.198 


150 


30 


180000 


1.72 


0.357 


225 


35 


164000 


1.79 


0.431 


275 


54 


124000 


2,02 


0.777 



Ex an iple 16Q 

Solution polymerization of MA / AIBN with Cu(II): To a 10 mL Schlcnk flask was added 
AIBN (5.0 mg; 0.03 1 mmol), CuCOTf), (6 mg; 0.017 mmol), 4,4'.di(5-rerr.butyl)-2.r- 
bipyridine (9 mg; 0.033 mmol), methyl acrylatc (3 mL; 33.3 mmol), 3 mL of toluene and 
0.6 mL of chloro benzene as an internal reference. The reaction flask was charged with a stir 
bar and then fitted with a rubber sepmm. The reaction solution was then put through freeze - 
vacuum-thaw cycles three times to remove dissolved gasses and then put under an argon 
atniosphere. The flask was then immersed in an oil bath and held by a thcnnostat at 60 C 
with rigorous stirring. At various times, samples were taken via syringe and quenched with 
THF. The volume lost by sample removal was replaced with argon. The samples were used 
to monitor monomer conversion relative to the internal reference (GC) and molecular weight 
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(SEC). 



time 


% conversion 


Mn Mw/Mn 


ln(tM]o / [M]t) 


20 


15 


327000. 


1.69 


0.163 


30 


33 


257000 


1.71 


0.400 


40 


42 


203000 


1.98 


0.545 


50 


•53 


219000 


1.89 


0.755 


60 


65 


227000 


1.86 


1.050 



Reverse ATEIP 
Styrcne 
Example 1^1 

Bulk Polymerization of Styrene by Reverse ATRP: Tubes were prepared in the following 
manner. CuBr, (1 1.2 mg. 0,05 mmol) and 4,4*-di-(5-nonyl)-2.2*-bipyridinc (40,8 mg. 
0.1 mmoi) were added to a dry glass tube. A 1.0 mi solution of AlBN (0.057 M) in styrene 
was added to the tube. The contents of the tube were degassed by the "freeze - pump - thaw" 
method and then sealed under vacuum. The tubes were then placed in a 50^*0 oil bath until a 
homogeneous solution was obtained (30 min.). The tubes were then placed in a 1 10**C oil 
bath and removed at various time intervals. Conversion was determined by GC, and 
molecular weights were detemiined by SEC analysis. 



Sample 


Timefh) 


CpnveT^ionfVo) 


ML, Cal 


M„.SEC 




I 


1.0 


18.9 


1.500 


2,100 . 


1.13 


2 


2.0 


35.9 


2.900 


3,900 


1.09 


3 


4.5. 


55,7 


4,500 


5,300 


1.08 


4 


7.0 


72.6 


5,800 


7,300 


1.09 



Methyl Acrylate 
Example 162 

Solution Polymerization of Methyl Acrylate by Reverse ATRP: To a 25 ml round bottom 
flask, with a magnetic stir bar, CuBr, (50.2 mg, 0.225 mmol) and 4,4'-<ii-{5-nonyl)-2,2'- 
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bipyridinc (183.6 mg. 0.45 mmol) were added. The flask was sealed with a rubber septum 
and the contents degassed by applying a vacuum and backfilling with argon. Degassed 
methyl acrylate (4.5 ml) and anisole (5.0 ml) were added via syringe. The contents were 
placed in an oil bath at I lO^C and stirred until the contents dissolved. AIBN (44.3 mg, 0.2 
mraol) was then added as a solution in a small amount of methyl acrylate (0.5 ml). The 
reaction mixture, was stirred at 1 lO^C and samples were taken at various time intervals to 
monitor conversion (GC) and molecular weight (SEC). 





Tim? (h) 


Conversionf/?) 


M«. Cal 


M„, SEC 




1 


1,0 


34.0 


3,000 


3.100 


1.15 


2 


2,0 


52.0 


4.700 


5300 


1.10 




3.0 


68.9 


6.200 


6,500 


1.09 


4 


4.0 


76.2 


6,800 


6,900 


1,09 ' 


5 


5.3 


83,2 


7,400 


7,600 


1.09 


6 


6.8 


87.4 


7,800 


7.800 


1.10 


7 


10,2 


89.6 


8,000 


8300 


1.11 



Methyl Methacrylate 
E?campic 161 

Solution Polymerization of Methyl Methacrylate by Reverse ATRP: To a 25 ml round 
bottom flask, with a magnetic stir bar, CuBr. (25.7 mg, O.l 15 mmol) and 4.4'-di-(5-nonyl)- 
2;2'-bipyridine (93,8 mg, 0.23 mmol) were added. The flask was sealed with a rubber 
septum and the contents degassed by applying a vacuum and backfilling with argon. 
Degassed methyl methacrylate (4,5 ml) and anisole (5.0 ml) were added via syringe. The 
contents were placed in an oil bath at 90''C and stirred until the contents dissolved. AIBN 
(19,7 mg, 0. 12 mmol) was then added as a solution in a small amoimt of methyl methacrylate 
(0.5 ml). The reaction mixture was stirred at 90*'C and samples were taken at various time 
intervals to monitor conversion (GC) and molecular weight (SEC). 
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Sample 


Timcfh) 


Conv(;reion f%) 


M«.Cal 


M«, SEC 


M../Mn 


I 


1.48 


L7.6 


. 3.500 


2,600 


1.12 


2 


2.12 


30.4 


6,100 


8,700 


1.07 


3 


2.75 


45.4 


9,100 


12,500 


1.10 


4 


3.27 


56.3 


1 U300 


13.700 


1.14 


5 


3.83 


62.7 


12,500 


15.200 


1.15 


6 


4,42 


66.1 


13^200 


16,500 


1.17 


7 


5.50 


74.0 


14,800 


17.600 


1.20 



Acrylonitrile 
Example Ifi4 

Polymerization of Acrylonitrile with AIBN, and CuBr, /Bipyridine: 25.0 g ( 0.284mol ) 
of ethylene carbonate. 0.0249 g ( 1.52x10"' moi ) AIBN, 0.06107 g (2.73x10"' mol ) CuBr, 
and 0.0949 g (5.47x10"* mol ) 2,2'-bipyridine were added to aschlenk flask under argon, 
10.0 ml (0.152 mol) degassed acrylonitrile was added to the flask via syringe and the flask 
was then placed into an oil bath thermostated at 64**C. 4 ml samples were removed at certain 
time inten,*als. 3 ml of the sample was dissolved in 6ml of THF for GC and 1 ml in DMF for 
GPC measurement. Conversion was determined with GC and the molecular weight and 
molecular weight distribution were obtained from GPC using polystyrene standards. 



Time (hour) 


Conversion f%) 


InCrMUrMl) 


M, (G?C) 




2,0 


0 


0 


NA 


NA 


8-5 


7.1 


0.07 


19.700 


1.20 


10 


10.6 


0.11 


33,500 


1.1 1 


22 


26.6 


0.31 


74.800 


1.29 


46 


37,0 


0.46 


93,100 


1.22 



Acrylic Polymers by ATRP 
Example 165, 

Homogeneous ATRP of Vinyl Acrylate: The following amounts of reagents were weighed 
into a glass tube under ambient temperature: I2mg (8,37x10-2 mmol) of CuBr, 1.00 mL 
(0.942 g, 9.42 mmol) of vinyl acrylate, 60 mg (0.175 mmol) 4,4^Di-{5-nonyl)-2,2*- 
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bipyridine, and 36 mL (27x10'^ mmol) 2-methyibromopropionate. Two "fireeze-pump-thaw" 
cycles were performed on die coatcnts of ihc tube to insure that oxygen was removed from 
the polymerization solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 60*'C. After lOh, the tube was broken, and the contents were dissolved in 
10 mL of THF. Conversion of the sample was measured using GC, and the molecular weight 
and polydispersity were determined by GPC. Conversion was 97 %, M„ = 2800, M^/bA„ 
==1.21. The 'H NMR spectrum confirraed that the vinyl group remained unaffected, and that 
the polymerization involves acrylic unsaturaiion of monomer. 

Homogeneous ATRP of Allyl Acrylate: The following amounts of reagents were weighed 
into a glass tube under ambient temperature: 12mg (8.37x10'^ mmol) of CuBr, 1.00 mL (I g, 

9 nunol) of allyl acrylatc, 60 mg (0.175 mmol) 4.4*-Di-(5-nonyl)-2.2'-bipyridine, and 36 mL 
(27x10*^ mmol) methyl 2 - bromo propionate. Two "freeze-pump-thaw" cycles were 
performed on the contents of the tube in order to insure that oxygen was removed from the 
polymerization solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 30'*C. After 15 min. the tube was broken, and the contents were dissolved in 

10 raL of THF. Conversion of the monomer was measured using GC. Conversion was 97 %, 
and the polymer was an insoluble gel. 

Example 167 

Homogeneous ATRP of t-Butyl Acrylate: The following amounts of reagents were 
weighed into glass tubes under ambient temperature: 12mg (8.37x10'^ mmol) of CuBr, 
1.00 mL (0.872 g, 6.8 mmol) of t-butyl acrylate, 60 mg (0.175 mmol) 4.4'-di-(5-nonyl)-2^'- 
bipyridine, and 22 mL (17x10*^ mmol) methyl 2 - bromopropionate. Two "freeze-pump- 
thaw" cycles were performed on the contents of each tube to insure that oxygen was removed 
from the polymerization solution. The mbes were sealed under vacuum and placed in an oil' 
bath thermostated at 9Q^C. At various time intervals the tubes were removed from the oil 
bath and cooled to 0°C to quench the polymerization. Afterwards, the individual tubes were 
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broken, and the contents dissolved in 10 mL of THF. Conversion of the samples was 
measured using GC, and the molecularwcight and polydispersiiies were tneasured by GPC. 
The resulting poly(t-butyl acrylatc) was subscjqucntly hydrolyzcd in the presence of IVo of p- 
lolucnesulfonic acid (in THF) to poly(acrylic acid). 



Timers 


Conversion (%\ 






3 


27 


11200 


1.22 


7 


44 


18600 


1.21 


12 


57 


24200 


1.21 


16 


SO 


33500 


1.20 


20 


98 


41300 


1.19 



E;^ample 1$S 

Homogeneous ATRP of Isobornyl Acrylate: The following amounts of reagents were 
weighed into glass tubes under ambient temperature: 12mg (8.37x10"^ mmol) of CuBr, 
1.00 mL (0.986 g, 4.78 mmol) of isobomyl acrylate, 60 mg (0.175 mmoi) 4,4'-di-{5-nonyl)- 
2,2*-bipyridine, and 27 mL (20x10'^ mmol) 2-mcthylbromopropionatc. Two "freezc-pump- 
thaw" cycles were performed on the contents of each tube to insure that oxygen was removed 
from the polymerization solutions. Each tube was sealed under vacuum and placed in an oil 
bath thermostated at 90''C. At time inter/als the tubes were removed from the oil bath and 
cooled to C'C in order to quench the polymerizarion. Afterwards, the individual tubes were 
broken, and the contents dissolved in 10 mL of THF. Conversion of the monomer was 
measured using GC, and the molecular weight and polydispersities were measured by GPC. 



Tiryie (h) 


Conversion (%) 






0.5 


10 


1000 


1.31 


1 


28 


1540 


1:25 


2 


73 


3280 


1.21 


2.5 


81 


3720 


1.15 


3.5 


90 


4310 


1.15 
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Fxample 1 69 

Copolyraerization of Butyl Acrylatc and 3 - (Trimethoxysilyl)propyi Methacrylate: The 
following reagents were weighed into a round bottom flask under ambient temperarure: 
510 mg (3.5 mmol) of CuBr, 33.2 mL (34.65 g, 8.62 mmol) of 3-(trimcthoxysilyi)propyl 
methacrylate, 1.64 g (10.5 mmol) of 2,2'-bipyridine, 80.0 ml (71.52 g. 558 mmol) of butyi 
aery late and 3.89 ml (34.9 mmol) methyl 2-bromopropionate. The flask was scaled with a 
rubber septum and the contents of the flask were degassed by sparging with argon; The 
reaction was heated to 100°C and stirred. After 18h the reaction was quenched by pouring 
into dichloromethanc. Conversion of the monomer was measured using NMR, conversion 
> 95 %. The copper was removed by passing through alumina and the solvent removed 
under vacuum. The 'H NMR spectrum confirmed that the trimethylsilyl groups remained, 
and that the polymerization involved only the methacr>'lic unsaturation of monomer. Upon 
exposure to air (ambient moisture), the polymer gelled as a result of reaction between the 
trimethylsilyl groups and water. 

Kxamplc 170 

Homogeneous ATRP of Glycidyl Acrylate: The following amounts of reagents were 
weighed into glass tubes under ambient temperature: 3 mg (2.1x10*^ nunol) of CuBr, 1 .00 mL 
(1.1 g, 8.59 mmol) of glycidyl acrylatc, 15 mg (4.2x10-^ mmol) 4,4'-di-(5-nonyl)-2,2'- 
bipyridinc. and 5 mL (4x10"^ mmol) methyl 2-bromQpropionate. Two "freeze-pump-thav,-" 
cycles were performed on the contents of each tube to^ insure that oxygen was removed from 
the polymerization solution. Each tube was sealed under vacuum and placed in an oil bath 
thermostated at 90°C. At various time intervals the lubes were removed from the oil bath and 
cooled to CC in order to quench the polymerization. Afterwards, the individual tubes were 
broken, and the contents were dissolved in 10 mL of THF. Conversion of the monomer was 
measured using GC, and the molecular weight and polydispenicy were measured by GPC. A 
*H NMR study revealed that the oxirane ring remained unchanged, and that the 
polymerization involved exclusively the acrylic unsaturation of the monomer. 
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i Time, min 


ronversion. % 






i 15 


- 51.5 


13600 


1.40 


! 30 


69.2 


17890 


1.38 


i 45 


82.5 


21200 


1.28 


60 


91.2 


23400 


1.21 


90 


98.0 


25200 


1.21 



Water Soluble Acrylic Polymers 
Example 1 7 1 

Homogeneous ATRP of 2-hydroxyethyI acrylate: The following amounts of rcaacncs wcrt 
weighed into glass tubes under ambient temperature: 12 mg (8.37x10-^ mmol) of CuBr, 1.00 
mL (1.01 g, 8.62 mmol) of 2-hYdroxYcthyl acrylatc, 60 mg (0.175 mmol) 4,4*-di-f5-nonyI)- 
2^*-bipyridine. and 18 mL (14x10'^ mmol) methyl 2-bromopropionate. Two "freeze-pump- 
thaw" cycles were performed on the contents of each tube in order to insure that oxvgcn was 
removed from the polymerization solution. Each tube was sealed under vacuum. The tubes 
were placed in an oil bath thcrrnostated at 90''C. At various time inten'als the tubes were 
removed from the oil bath and cooled to O^C to quench the polymerization. Afterwards, the 
individual tubes were broken, and die concents were dissolved in 10 mL of THF. Conversion 
of the monomer was measured using GC. and the molecular weight and polydispersity were 
measured by GPC. 'H NMR spectra confirmed that the hydroxy I groups remained, and the 
polymerization involved only acrylic unsacuratiori of monomer. 



; Time, h 


Conversion. % 


M„ 




1 1 


26.7 


4,600 


1.72 


J 


44.1 


7,500 


1.51 


4 


57.4 


9,800 


1.31 


5 


67.1 


IK400 


1.21 


i 8 


79.2 • 


13,500 


K20 


! 14 


92,5 


15.700 


1.19 
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F.xample 1 72 

Homogeneous ATRP of 2-hyclroxyethyl acrylate: The following amounts of reagents were 
weighed into a glass tube under ambient temperature: I2mg (8.37x10"^ mmol) of CuBr, l.OO 
mL (l.Ol g, 8.62 mmol) of 2-hydroxyethyl acrylate. 60 mg (0,175 mmol) 4.4'-di-(5-nonyl)- 
2.2'-btpyridinc, and 6 mL (4x10*- mmol) methyl 2-bromopropionate. Two "freeze-pump- 
thaw" cycles were performed on the contents of the tube to insure that oxygen was removed 
from the polymerization solution. The lube was sealed under vacuum and placed in an oil 
bath theimostated at 90*'C. The tube was broken and the contents dissolved in 10 mL of 
THF. Conversion of the monomer was measured using GC, and the molecular weight and 
polydispersity were measured by GPC. Conversion was 87 = 5 1 400, K,/M„ = 1 .27. 
The *H NMR spectrum confirmed that the hydroxy I groups remained, and that the 
polymerization involved only the acr>'lic unsaturation of monomer. 

Example 173 

Homogeneous ATRP of 2-Hydroxyethyl Acrylate in Water: The following amounts of 
reagents were weighed into a glass tube under ambient temperature: I2mg (8.37x10*^ mmol) 
of CuBr, 1.00 mL (1.01 g, 8.62 mmol) of 2-hydroxYechyl acrylate, 60 mg (0.175 mmol) 4.4'- 
di-(5-nonyl)-2.2'-bipyridinc. I mL (Ig) H;0 and 18 mL (14x10*- mmol) methyl 2- 
bromopropionate. Two "freeze-pump-thaw" cycles were performed on the contents of the 
tube to insure that oxygen was removed from the polymerization solution. The tube was 
sealed under vacuum and placed in an oil bath thermostated at 90*'C. After 12 h the tube were 
removed from the oii bath and cooled to O^C in order to quench the polymerization. 
Afterwards, the tube was broken, and the contents were dried with MgSO^ and than dissolved 
in 10 mL of DMF. Conversion of the monomer was measured using GC, and the molecular 
weight and polydispersity were measured by GPC. The conversion was 87 %, M„ = 14700, 
MJM^ =1 .34. The *H NMR spectrum confirmed that the hydroxyl group remained 
unaffected, and the polymerization involved acrylic unsaturation of the monomer. 
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Fxample 174 

Homogeneous ATRP of N-(2-HydroxypropyI) Methacrylamide in 1-Butanol: The 
following amounts of reagents were weighed into a glass tube under ambtenc temperature: 
12mg (8.37x10*^ mmol) of CuBr. 0.5g (3.49 mmoi) of N-(2-hydroxypropyl)mcthacrylamide, 
20 mg (8.4x10*^ mmol) 1.4,8.1 1-tetramechy 1-1.4, 8,1 l-tecraazocyclotetradecane. I mL 1-butyl 
alcohol and 20 mL (14x10*- mmol) diethyl 2-bromo-2-methylmalonacc. Two "freeze-pump- 
thaw" cycles were performed on the contents of the tube to insure that oxygen was removed 
from the poly men zadon solution. The tube was scaled under vacuum and placed in an oil 
bath thermo stated at 90°C. After 6 h the tube were removed from the oil bath and cooled to 
O^C in order to quench the polymerization. Afterwards, the tube was broken, and the contents 
were dissolved in 10 mL of DMF. Conversion of the monomer was measured using GC. and 
the molecular weight and polydispersity were measured by GPC. The conversion was 95%. 

= 21300. iViyM^ =1.38. Tlie *H NMR spectrum confirmed that the polymerization 
involved only the methacr\'lamide unsaturation of the monomer. 

Trimethoxy silyl protected HEA 
E:;ample 175 

Polymerization of TEVIS Protected 2-Hydroxyethyl AcrYiate/Methyl-2- 
Bromopropionate/CuBr: A glass tube was charged with CuBr (0.0143 g; 0. 1 mmol). 4,4'- 
di(5-nonYl)-2.2'-bipyridine (0.08 16g; 0.2 mmol). methyl -2-bromopropionate (0.01 1 mL: 
O.l mmol) and TMS protected 2-hydro.\yeihyi aery late (0.5 mL: 2.7 mmol). The tube was 
immediately frozen in liquid nitrogen and placed under vacuum. Oxygen was removed using 
three freeze -pump-thaw cycles. Tlie tube was sealed imder vacuum and placed in a 
thenmostated oil bath at 90**C. After 4.5 houn, tlic tube was frozen in liquid nitrogen and 
broken open. The contents were analyzed for conversion (*H NMR) and molecular weight 
(SEC). Conversion: >95ro; M„(theo) = 5,000; M„(SEC) = 6,000: M,yM„(SEC) = 1.06 

Trimethyl siloxy protected HEM A 
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Example 176 

Solution Polymerization of TMS Protected 2-HydroxyethyI Methacn'late/Tosv! 
Chloride/CuBr: A glass lube was charged wiih CuBr (0.0072 g; 0.05 mmol), 4.4*-di(5- 
ndnyl)-2.2'-bipyridirie (0.0408 g; O.l mmol), tosyl chloride (0.0191 g; 0.05 mmol). TMS 
protected 2-hydroxyethyl methacn'late (1.0 mL. 5 mmol), and diphenyl ether (1.0 mL). The 
tube was immediately frozen in liquid nitrogen and placed under vacuum. Oxygen was 
removed using three freeze-pump-ihaw cycles. The tube was seaJed under vacuum and 
placed in a themiostated oil bath at 90 °C. After 36 hours, the tube was frozen in liquid 
nitrogen and broken open. The contents were analyzed for conversion ('H NMR) and 
molecular weight (SEC). Conversion: 86%: M„(lheo) = 10.000; M„(SEC) = 8,900: 
M^;M„(SEC) =1.2. 

Example 177 

Solution Polymerization of TMS Protected 2-Hydroxyethyl Methacr}'IateyTosyl 
Chloride/CuBr: A glass tube was charged with CuBr (0.0071 g; 0.05 mmol), 4,4*-di(5- 
nonyi)-2,2'-bipyridine (0.0403g; 0.1 mmol), tosyl chloride (0.0019 g; 0.001 mmol). TMS 
protected 2-hydroxyethyl methacrv'late (1 .0 mL, 5 mmol), and diphenyl ether ( 1 .0 mL). The 
lube was immediately frozen in liquid nitrogen and placed under vacuum. Oxygen was 
removed using three freeze-pump-thaw cycles. Tlie cube was sealed under vacuum and 
placed in a thermostated oil bath at 90°C. .After 48 hours, the tube was frozen in liquid 
nitrogen and broken open. Tlie contents were analyzed for conversion ('H NMR) and 
molecular weight (SEC). Conversion: >95yo: M„(thco) = lOLOOO; M„(SEC) 95.900: 
M,yM„(SEC) = 1,47. 

Example 178 

Solution Polymerization of TMS Protected 2-HydroxyethyI Methacryiate/Tosyl 
Chloride/CuBr: A dry round-bottomed flask was charged with CuBr (0.0086 g; 0.06 mmol). 
and 4.4'-diC5-nonyl)-2^'-bipyridine (0,0490g; 0.12 mmol), and sealed vAih a rubber septa. 
The flask was cycled between vacuum and argon three times to remove oxygen. Tosyl 
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chloride (0.0236 g; 0.12 mmol) and TMS protected 2-hydroxycthYl methacrylate (5,0 mL. 25 
mmol) were added to a separate flask and sparged with argon tor 45 minutes to remove 
oxygen. Diphenyl ether (5.0 mL) was also sparged with argon for 45 minutes to remove 
oxygen and was then added to the tlask containing CuBr and ligand via degassed syringe 
That flask was then placed in a themiostated oil bath at 90''C. At timed intervals, samples 
were taken via degassed syringe to monitor conversion (GO and molecular weieht (SEC) 
M„(theo) = 40,000, 



Time (hr.) 


Conversion (%) 


H,(SEC) 


M,/M,(SEC) 1 


1.0 


20 


12J0O 


L2£ 1 


2.17 


32 


17.900 


1.2 1 


4.5 


45 


23.300 


1.16 i 


9.7 


51 


27.400 


1.17 1 


19 


65 


29.000 


1.19 i 


47 


77 


30.500 


1.24 



Example 179 

Transformation of TMS Protected PoIy(2-Hydro.xyethyl Methacrylate) to Poly(2-(2- 

Bromoisobutjryloxy) Ethyl Methacrylate): 

HEMA: 



Example ISO 

Solution Polymerization of 2-Hydro.xyethyi Methacryiate/Ethyi-2- 

Bromoisobutyrate/CuCl/CuCK: A round-bottomed flask was charged with CuC! (0.0123 g; 
0.12 mmol), CuCU (0.0033 g; 0.02 mmol) and 2.2*-bipyndine (0.0483g; 0.3 mmol). The 
flask was cycled between vacuum and argon three times to remove oxygen. 2-Hydroxyethyl 
methacr^'late (3.0 mL: 21.5 mmol). methyl ethyl ketone (11 mL) and n-propanolfO.9 mL) 
were sparged for 45 minutes before addition to the flask via degassed syringes and the 
solution was .stirred for 10 minutes at room temperature and 10 minutes in an oil bath 
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thermostaced at 70°C to dissolve CuCL EthyI-2-bromoisobutyrate (36.3 L: 0.25 was added 
via degassed syringe. Samples were removed using degassed syringes at timed intervals and 
were analyzed for conversion (GC^ and molecular weight (SEC), M„(theo) = 13,000. 



time (hr.) 


conversion {%) 


M„(SEC) 




0:17 


17 


14,800 


1.16 


0.55 


34 


23,800 


1.21 


2.5 


56 


24,400 


1.29 


5.17 


64 


28.300 


1.34 


10 


72 


3L400 


1.33 



ATRP in the Presence of Added Salt 
Example jg] 

Solution Polymerization of 2-HydroxycthYl mcthacr^'iate/Ethyl 2- 
Bromoisobutymte/CuBr/(Bu)4NBr: A round-bottomed flask was charged with CuBr 
(0.0245 g; 0.17 mmol), (BujjNBr (0.55 g; 1.7 mmol) and 2.2'-bipyridine (0.0679g; 
0.4 mmol). The flask was cycled between vacuum and argon three times to remove oxygen. 
2-Hydroxyethyl methacrylate (4.2 mL; 30.1 mmol) and DMF (16.8 mL) were sparged for 
45 minutes before addition to the flask via degassed syringes and this stock solution was 
stirred for 30 minutes to dissolve salt. To each of six tubes was added ethyl 2- 
bromoisobutyrate (1.8 L: 0.0 1 mmol) and 3 mL of the stock solution. Each tube was 
immediately frozen and placed under vacuum. O.KVgen was removed using five freeze-pump- 
Ihaw cycles. At intervals timed from the end of the final thaw, tubes were frozen in liquid 
nitrogen and broke open. The contents were analyzed for conversion (GC) and molecular 
weight (SEC). M„ (th) = 52,000 
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time (hr) 


convcrsion(%) | M„(SEComf) 




2 


2 1 11.000 


1.04 


6 


0 


16.400 


1.12 


15 


4 1 19.800 


\A5 


24 


8 j 28.410 


1.24 


56 


6 1 27.360 


1.24 


120 


12 


32,020 


1.3! 



2-(DimethyIamino)ethYl Methacrvlate 
Example 1 R2 

■Solution Polvmenzntion of 2-(Dimethvinmino)ethvl Methacrvlate/Ethy l 7- 
Bromoisohutyratc/CuBr: A dry long glass-tube was charged with CuBr (6.7 mc. 
0.047 mmol), ligand (0.047 mmoH. ethyl 2-bromoisobut>'rate (6.8 I, 0.047 mmoH. 
-•(diniethylamino)ethyl methacrvlate ( 1 ml. 5.9 mmol), solvent ( 1 ml) and a magnetic stir 
bar. The glass tube was degassed by duee freeze-pump-thaw cycles and was then .sealed by 
tlame. Tlie glass tube was immersed in an oil bath ihermostated at 90 C. At cenain times, 
the glass tube was taken out and broken. The sample was dissolved in DMF to measure 
convereion (GC) and molecular weight (SEC). 



Temp ( C) 


Ligand 


Time (h) 


Conv. (%) 






M„/M, 


90 


bpy (2eq.) 


1.25 


84.7 


16940 


20530 


1.55 


90 


TMEDA (2 eq.) 


4.25 


75.6 


15120 


18610 


1.53 


90 


PMDETA 


1 


67.5 


13500 


17550 


1.61 


90 


HMTETA 


1.25 


79.1 


15820 


17880 


1:45 



Temp ( C) 


Solvent 


Time (h) 


Conv. {%) 




M„ 




90 


antsole 


1.25 


79.1 


15820 


17880 


1.45 


90 


dichlorobenzene 


1.25 


77.6 


15520 


15770 


1.43 


90 


BuOAc 


1.5 


85.6 


30820 


25256 


1.57 


90 


ethylene carbonate 


1.0 


62.5 


12500 


11490 


1.51 
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Example 183 

Solution Polvmeriration of 2-f'Dimethvlarnino)erhvi MethacrvMate/Ethvl 2- 
Bromoisobutvrate/CuBr: A dry round-bonom flask was charged with CuBr (13.4 me 
0.093 mmol). A'.A'iA^' A^'.A^''.:V*'-hexamethyItriethylencietramine (25.4 L 0.093 mmol), 2- 
(dimcthyiamino)ethyl meihacrylate (2 mL 5.9 mmol), dichiorobcnzcnc (2 ml) and a maenetic 
stir bar. The flask was degassed by three freeze -pump -thaw cycles. The flask was immersed 
in an oil bath thcrmostatcd at 50°C and then bromopropionitrile (8 L 0.093 mmol) was added 
dropwisely. At various times, samples were taken and dissolved in DMF to measure 
conversion (GC) and molecular weight (SEC). 



Time (h) 


Conv. (%) 


Mn.th 


Mn 


Mw/Mn 


0.67 


11,3 


2260 . 


6560 


1.07 1 


1.41 


25.6 


5120 


8990 


1.12 , 


2 


32.8 


6560 


11150 


1.12 


3.08 


52.6 


10520 


15680 


1.19 


3.75 


68.1 


13620 


18160 


1.20 


4.5 


77,3 


15460 


20070 


1.23 


5.5 


82.9 


16580 


21270 


1.25 


6.33 


87.1 


17420 


21290 


1.26 ! 



Statistical Copolymerizations (Spontaneous Gradient Copoivmers) 
Copolymers of Styrcne and Acr\'lonitrile, 
Example 184 

6.3 ml (5.5*10-^ mole) of siyrene. 3.7 ml (5,5M0-- mole) of acryloniuile. 0.1720 g of CuBr, 
0.5590 g of 2,2'-bipyridinc, 163 1 of l-phcnylcthyl bromide and I g of p-dimcthoxy benzene 
as an internal standard for GC were added to a schlenk flask under argon and the reaction 
mixture was heated at 80°C. Samples of the reaction mixture were withdrawn at the 
prescribed time intervals. Tlie conversion of the monomers was determined by GC and from 
that the cumulative copolymer composition (FJ was calculated. 'H-NMR was used to 
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contlrm the calculaicd composiuon. The molecular weights and molecular weiehc 
distributions were determined by Gel Permeation Chromatography vs. polystyrene standards. 
The results arc tabulated below: 



Sample 


Time (hrs.) 


Conversion {%) 


M„(GPC) 






Fcan(NMR) 


I 


1.5 


22 


1000 


1.23 


0.48 




2 


2.5 


61 


4,000 


1.13 


0.50 




■1 
J 


3.5 


89 


7.300 


1.08 


0.49 




4 


5.5 


91 


7.800 


1.09 


0.48 


0.48 



Example 185 

7.82 ml (6.8*10*- mole) of styrene. 2.25 ml (3.4* 10'^ mole) of acrylonicrile. 0.1720 a of 
CuBr. 0.5590 g of 2.2'-bipyridine. 163 I of l-phenylethyl bromide and I a of p- 
dimeiho.Kybenzene as an internal standard for GC were added to a schlenk tlask under arcon 
and the reaction mi.xture was heated at 80"C. Samples of the reaction mixture were 
widndrawn at the prescribed time intervals. The conversion of the monomers was determined 
by GC and from that the cumulative copolymer composition (FJ was calculated. 'H-NMR 
was used to confirm the calculated composition. The molecular weights and molecular 
weight distributions were determined by Gel Pcraication Chromatography vs. polystyrene 
standards. The results are tabulated below: 



Sample 


Time (hrs.) 


Conversion (%) 


M„(GPC) 




fc,.N{GC) 


F,,.v(NMR) 


I 


1.5 


35 


1.200 


1.35 


0.38 


I 


2 


3.5 


67 


5.400 


1.11 


0.37 




3 


4.5 


89 


6.000 


1. 10 


0.33 




4 


5.5 


91 


6.900 


1.09 


0.35 


0.37 



Ejcample 1g6. 

5.0 ml (4.4*10-^ mole) of styrene. 5.0 ml (7.6' iO'- mole) of acryloniuile. 0.0720 g of CuBr. 
0.1560 g of 2-2'-bipyridine, 69 1 of I-phenylethyl bromide and 1 g of p-dimethoxybenzene as 
an internal standard for GC were added to a schlenk flask under argon and the reaction 
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mixture was heated ai 9Q''C. Samples of the reaction mixture were withdrawn at the 
prescribed time intervals. The conversion of the monomers was determined by GC and from 
that the cumulative copolymer composition (F,) was calculated. Tlie molecular weights and 
molecular weight distributions were determined by Gel Pcnncation Chromatography vs. 
polyst)'rene standards. The results are tabulated below: 



Sample 


Time (hrs.) 


Conversion (%) 


Mn(GPC) 






1 


1.5 


12 


2,130 


1,40 


0.46 


2 


3.3 


44 


3,600 


1.30 


0.63 


3 


18.3 


54 


7.400 


LIO 


0.62 


4 


24.3 


60 


8.900 


1.13 


0.62 


5 


44.3 


93 


12,100 


1.12 


0.63 



Example 187 

6.5 ml (5.5* 10-- mole) of styrene. 3.5 ml (5.5* 10*^ mole) of acrv'loniunle, 0.0172 g of CuBr, 
0.1400gof4.4*-di-(5-nonyl)-2.2^bipyridine. 16.3 I of I -phcnvlcthyl bromide and 1 gofp- 
dimethoxybenzene as an internal standard for GC were added to a schlenk flask under argon 
and the reaction mixture was heated at 90*C. Samples of the reaction mixture were 
withdrawn at the prescribed time intervals. The conversion of the monomers was determined 
by GC and from that the cumulative copolymer composition (FJ was calculated. The 
molecular weights and molecular weight distributions were determined by Gel Permeation 
Chromatography vs. polystyrene standards. The results are tabulated below: 



Sample 


Time (hrs.) 


Conversion (%) 


M„(GPC) 




F..n(GC) ! 


1 


2.5 


19 


8,200 


I.3I 


0.54 1 


2 


4.3 


25 


ILOOO 


1.18 


0.42 [ 


3 


20.0 


40 


25,800 


1.09 


0.43 i 


. 4 


27.0 


46 


27,300 


1.08 


0.42 i 


5 


44.0 


52 


36.000 


I.ll 


0.42 1 


6 


53.0 


58 


38,900 


1.09 


0.44 1 
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Copolymers of Styrcnc and Butyl Acn'latc 
Example 188 

7.65 ml (6.7*10'^ mole) of styrcnc, 6.35 ml (4.4* 10"- mole^ of butyl acrviate, 0,0404 s of 
CuBr. 0.350 g of 4,4*-di-{5-nonyl)-2.2'-bipyridine. 30 I of methyl 2-bromopropionatc and I 
ml of o-xylene as an iniemal standard for GC were added to a schlenk flask under argon and 
the reaction mixture was heated at 1 lO'C. Samples of the reaction mixture were withdrawn 
at che prescribed lime intervals. Tlie conversion of the monomers was determined bv GC and 
from that the cumulative copolymer composition (FJ was calculated. 'H-NMR was used to 
confirm the calculated composition. The molecular weights and molecular weight 
distributions were determined by Gel Permeation Chromatography vs. polysr\'rene standards. 
The results arc tabulated below: 



sample 


time (hrs.) 


conversion (%) 


M.(GPC) 




Fcra(GC) 




I 


1.25 


18 


10.800 


1.10 


0.22 


0.24 : 


2 


2.75 


27 


17.600 


1.10 


0.39 




3 


4.25 


49 


23.500 


1. 10 


0.32 


0.34 


4 


5.75 


56 


30.000 


1.11 


0.43 


0.37 ! 


5 


8.25 


68 


32,100 


1.12 


0.35 


0.37 i 


6 


12.25 


72 


34.300 


1.09 


0.35 


0.38 I 



Example I 89 

3.39 ml (3*10* mole) of styrene. 10.61 ml (7.4*10'- mo lei of butyl acrylate. 0,0404 g of 
CuBr, 0.350 g of 4. 4'-di-{5-nonyU-2.2'-bipyridine, 30 I of methyl 2-bromopropionatc and 
I ml of o-.xylene as an internal standard for GC were added to a schlenk flask under argon . 
and the reaction mixture was heated at 1 10 °C. Samples of the reaction mixture were 
withdrawn at the prescribed time interv'als. The conversion of the monomers was determined 
by GC and from that the cumulative copolymer composiuon (FJ was calculated. The 
molecular weights and molecular weight distributions were determined by Gel Penneaiion 
Chromatography vs. polystyrene standards. The results are tabulated below: 
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t sample 

i 

t 


time 
(hrs.) 


conversion (%) 


M„(GPC) 




F.ba(GC) 


1 1 


I 


7.9 


3.000 


1.25 


0.53 


i 2 


2 


15 


5.100 


1,15 


0.54 


J 


4.5 


26 


8,800 


1.10 


0.59 


1 

! 4 


11 


27 


9.300 


1.09 


0.61 


i 5 

1 

1 


14 


27 


12,000 


1.09 


0.59 



Example 190 

8.33 ml (7.3*10 - mole) ofsEvrcnc. 4,62 mi (3.2*10'- mole) of butyl acrylate. 0.0404 e of 
CuBr. 0.350 c of 4.4'-di-(5-nonYi)-2.2'-bipyridine, 30 1 of methyl 2-bromopropionate and 
1 ml of o-.\ylene as an internal standard for GC were added to a schlenk flask under argon 
and the reaction mixture was heated at 1 10°C. Samples of the reaction mixture were 
withdrawn at the prescribed time intervals. The conversion of the monomers was determined 
by GC and from that the cumulative copolymer composition (FJ was calculated. Tlie 
molecular weights and molecular weight distributions were determined by Gel Permeation 
Chromatography vs. polystyrene standards. The results are tabulated below: 



; sample 

i 


time 
(hrs.) 


conversion {%) 


M„(GPC) 




Fcua(GC) • 




LOO 


9.6 


3.600 


1.29 


0J4 


2 


2.00 


15.0 


.5J0O 


1.18 


0.19 


3 


4.50 


24.0 


8.400 


1.13 


0.17 


4 


10.5 


42.0 


16,400 


1.12 


0.14 


5 


13.5 


76.0 


23,700 


l.ll 


0.16 



Copolymers of Isobutene with Acrylonitrile by ATRP. 
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Example 191 

Alternating copolymers isobutylene/acrylonitrile (molar feed 3,5:1) 
To 0.1 1 g (6.68x10-^ mole) 2.Tbip>Tidinc and 0.036 g (2.34.xlO-^ mole) CuBr at -30"C in a 
glass tube, was added 1.75 mL (2.xI0-^ mole) isobutcne. 0.5 mL (0.55x10"^ mole) acrylonitrilc 
( AN) and 0.040 mL (2.34x10"* mole) diethyl methyl bromomalonace under an arson 
atmosphere. The glass tube was sealed under vacuum and the reaction mixture warmed at 
50''C for 12 hours. The reaction mixture was then dissolved in THF and conversion of AN 
determined by GC was 100%. The polymer was then precipitated into methanol (three limes), 
filtered, dried at 60**C under vacuum for 48 h and weighted. M,yMn=1.45 (Mth=340b). The 
% of acrylonitrilc in copolymer determined by integration of methane proton -CHCN and 
Gem-dimethyl region of IH-NMR was 51 %. Tlie class transition temperature of product 
detemiincd by DSC was 48 ""C. 



Example 19-? 

Copolymer IB/AN (molar feed 1:1) 

To 0.055 g (3.5x10-' mole) 2. J-bi pyridine and 0.017 g (1.17x10-^ mole) CuBr at OO'^C in a 
glass tube, was added 0.5 mL (0.55x10*- mole) isobutcne, 0.5 mL (0.55x10'- mole) 
acrylonitrilc and 0.016 mL (1.17x10-^ mole) diethyl methylbromomalonate under an argon 
atmosphere. Tlie glass tube was scaled under vacuum and the reaction mixture wanned at 
50'C for 24 hours. Tlie reaction mixture was then dissolved in THF and conversion of AN 
determined by GC was 100%. The polymer was than precipitated into methanol (iliree 
times), filtered, dried at eC'C imder vacuum for 48 h and weighted. M,,=6400, 
M^^„=1.52 (M,h=6500). The % of acrylontrile in copolymer determined by integration of 
mcthine proton -CHCN and gem-dimethyl region of 'H-NMR was 74 %. The glass 
transition temperature of product determined by DSC wbs 70'C. 



Copolymers of Methyl Acryiaie and Vinyl Acetate 
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Example 193 

Copolymerization of Methyl Acryiate and Vinyl Acetate by ATRP: The following 
amounts of reagents were weighed into a glass mbe under ambient temperature: 6.2 mc 
(0,047 mmol) of CuBr, 21.9 mg (0.140 mmol) of 2.2'-bipyridine. 0.50 ml (5,55 mmol ) of 
methyl acrylatc, 0.50 ml ( 5.42 mmol ) of vinyl acetate and 6.1 a^L (0.047 mmol) ethyl 2- 
bromopropionate was added via syringe to the tubes charged with argon. Two "freeze-pump- 
thaw" cycles were performed on the contents of the tube to insure that oxygen was removed 
from the polymerization solution. The tubes were sealed under vacuum and placed in an oil 
bath thermostated at I IC^C. At timed intervals, the tubes were taken from the oil bath and 
opened. The contents were dissolved in 10 mL of THF. Conversion of the monomers was 
measured using GC. and the molecular weight and polvdispersity were obtained bv GPC 



Samnle 


Time (h) 


Conversion 


Conversion 
(Vn) ofVAc 








1 


0.8 


23 


5 


2780 


4190 


1,93 


2 


2.4 


52 


22 


7480 


7000 


1.47 


3 


3.3 


65 


12 


7810 


9420 


1.38 


4 


4.6 


77 


26 


8940 


1 1 100 


L32 


5 


6.4 


87 


30 


11700 


12400 


1.28 



Example 194 ■ 

Copolymerization of Methyl Acn'late and Vinyl Acetate by ATRP: The foilowinii 
amounts of reagents were weighed into a glass tube under ambient temperature: 3.98 mg 
(0.028 mmol) of CuBr, 22.7 mg (0.056 mmol) of 4.4'-di-(5-nonyl)-2.2'-bipyridinc. 0,50 ml 
(5.55 mmol ) of methyl acrj'late, 0.51 ml of (5,55 mmol ) of vinyl acetate and 24.6 
(0.221 mmol) of methyl 2-bromoprQpionate was added via syringe into tlic tubes charged 
with argon. Two ^freeze-pump-thaw" cycles were performed on the contents of the tube to 
insure that oxygen was removed from the polymerization solution. Tlie tube was sealed 
under vacuum and placed in an oil bath thermostated at 1 1 0'C. After 1 S.7 hours, the tube 
was removed from the oil bath and opened. The contents were dissolved in 10 mL of THF. 
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Conversion of the monomer was measured using GC. and the molecular weight and 
polydispersity were obtained by. GPC. Conversion of methyl acrylate was 58.0%. and 
conversion of vinyl acetate was 14.0%. The content of vinyl acetate determined by 'H NMR 
was 16.9%. M,h = 1 720. M„ jgpq = 1 840. N^, / M„ = 1 .33 

Alternating Copolymer of N-Cyclohexyl Maleimide / Styrene 
Example 195 

General procedure for homogeneous ATRP of styrene/N-cyclohexyl maleiraidc: The 
following amounts of reagents were weighed into glass tube under ambient temperature: 12 
mgX8,37xlO-- nunol) of CuBr, 0.45 mL (0.41 g. 4.4 mmol) of deinhibited styrene. 0.72 g 
(4.4 mmol) N-cyclohexyl maleimide. 60 mg (0.175 nunol) 4.4'-di-(5-nonyI)-2.2'-bipyridine. 
and 12 uL (8.8x10 - mmol) 1-phenylethyl bromide. Two "freeze- pump-thaw*'' cycles were 
performed on the content of tube in order to ensure that oxygen was removed from the 
polymerization solution. The lube was sealed under vacuum and placed in an oil bath 
thermostated at I lO'^C. After 7 h the tube was broken and the contents dissolved in 1 0 mL of 
THF. Conversion of the monomer, measured using GC was 98 % for both monomers, and 
the molecular weight and polydispersity measured by GPC were Mn = 4700, and M^yM^ = 
1 .22. From 'H NMR spectrum the content of styrene in copolymer was 50%. DSC 
measurement showed one T, = 270'C. The initial temperature of decomposition ofthc 
alternating copolymer determined from TGA was 4jO°C. 

.Alternating Isobutylene / Butyl Acrylate 
E.^ampjg 196 

Alternating copolymers isobutyiene/butyt acrylate (molar feed 3,5:1): To O.l 1 g 
(6.68x10-4 mole) 2.2' - bipyridinc and 0.036 g (2.34x10-4 mole) CuBr at -30°C in a glass 
tube, was added 1.75 mL (2x10-2 mole) isobutene, 0.5 mL (0.55x10-2 mole) butyl acrylate 
(BA) and 0.040 mL (2.34x10-4 mole) diethyl methyl bromomalonacc under an argon 
atmosphere. The glass tube was sealed under vacuum and the reaction mixture warmed to 
^O^C for 12 hours. The reaction mixture was then dissolved in THF and the conversion of 
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BA as deccrmincd by GC was 100%. The polymer was then precipitated into methanol (three 
times), filtered, dried at 60°C under vacuum for 48 h and weighted. M„=3 180. 
M,yM„=I .38 (Mt.^=3400). The content of isobutcne in the copolynier was determined by 
integration of C(0)OCH3 from butyl actyiate and the gem-dimethyl region of the 'H-NMR 
spectrum was 49%. The Tg of product, as determined by DSC. was -48 °C. 

Example 197 

Copolymer IB/BA (molar feed 1:1): To 0.055 g (j.SxlO*^ mole) 2,2' - bipyridine and 
0.017 g(M7xI0^ mole) CuBrat -30^C in a glass tube, were added 0.5 mL (0.55xlO'~ mole) 
isobutcne. 0,5 mL (0.55x10"^ mole) butyl acrylatc and 0.016 mL (1.17x10'' mole) diethyl 
methyl bromomalonate under an argon atmosphere. The glass tube was sealed under vacuum 
and the reaction mixture warmed to 50°C for 12 hours. The reaction mixture was then 
dissolved in THF and the conversion of butyl acr>'late. as determined by GC, was 100 %. 
The polymer was than precipitated into methanol (three limes), filtered, dried at 60 ''C under 
vacuum for 48 h and weighted. Tlie content of IB in copolymer was 28 % and M„=6400. 
M,/Mn=l.52 (Mth=6500). The % of IB in copolymer was determined from intecrBcion of 
C(0)OCH: from butyl acrylaic and the gcm-dimediyl region of the *H-NMR spectrum. Tlie 
T« of the product, as determined by DSC, was -35 ^C. 

Tetraco polymer 
Example IQ8 

Solutinn Copnlvmerization of 2-Hvdroxvlethvl Methacrvlate. But\1 Acrvlate. Methvl 
Methacrvlate, and Stvrene/4.4'-rerr-Butvl-2.2'-Bipvridine/CiiVCuBr: A dry round- 
bottom flask was charged with CuBr (28.7 mg, 0.2 mmol), Cu° (6.5 mg. O.lmniol), 4,4'-^er/- 
butyl-2^*-bipyridine (107 mg, 0.4 mmol). butyl acrylace (0.543 ml. 3.8 mmol), 2- 
hydroxylethyl methacrvlate (0.32 ml. 2.6 mmol), siyrcnc (0.27 ml, 2.4 mmol), methyl 
methacrvlate (0.13 ml. 1.2 mmol). toluene (0.5 ml) and a magnetic stir bar. The flask was 
sealed with a rubber septum and degassed by three freeze -pump-thaw cycles. The flask was 
immersed in an oil bath thermostated at IIO^C and /en -butyl 2-bromopropionate (33 1, 



-149- 



wo 98/40415 



PCT/US98/04333 



0.2 mmol) was added dropwisely. At various times, the samples were taken and dissolved in 
THF to measure conversion (GC) and molecular weight (SEC). 



1 Ligand 


Time (h) 


MMA 


BA 


St 


HEN4A 


M„ 




1 dTbpy 


6 


90.8 


75.5 


98.2 


96.6 


9200 


1.43 


i bpy 


5.25 


98.0 


90.2 


99.95 


99.3 


10220 


1.59 



Example 199 

Solution Copnlvmeriratinn of 2-Hvdroxviethvl Methacrvlate. Butvl Acrvlate. IVTethvl 
Methacr^late, nnd Stvrenc/2,2'-Bipvridine/CuVCuBr: A dry round-bottom flask was 
charged with CuBr, (22 mg, 0.1 mmol), Cu° (12.7 mg, 0.2mmol). 2,2*-bipyridine (62.7 mg, 
0.4 mmol), butyl acrylate (0.543 ml. 3.S mmol). 2-hydroxYlcthyl meihacrylate (0.32 mi. 2.6 
mmol), styrene (0.27 ml. 2.4 mmol). methyl methacr>iate (0.13 ml. 1.2 mmol). toluene (0.5 
ml) and a magnetic stir bar. The Hask was sealed with a rubber septum and degassed by three 
freeze-pump-thaw cycles. The flask was immersed in an oil bath thermostated at 1 10 C and 
/er/-butyl 2-bromopropionate (33 1. 0.2 mmol) was added dropwisely. .A.t various times, the 
samples were taken and dissolved in THF to measure conversion (GC) and molecular weight 
(SEC). 



Temp ( C) 


Time(h) 


MMA i%) 


BA i%) 


Str%) 


HEMA 


M„ 


M„yM, 


i 110 


0.55 


56.6 


41.7 


74.2 


78.2 


7413 


1.75 


: 110 


1 


75.0 


50.3 


87.8 


85.3 


7474 


1,34 


110 


2 


91.4 


68.0 


98.1 


96.2 


8024 


1.74 


j no 


3 


95.2 


75.1 


99.4 


98.0 


7816 


. 1.81 


110 


6.22 


96.8 


81.9 


99.6 


97.8 


8167 


1.97 



Gradient Copolymers 
Styrene / Acryloniuile 
Exampk.2QQ 

10 ml of styrene. 0.172 g of CuBr, 0.560 g of 2J'-bipyridine and 163 I of 1-phenylethyl 
bromide were added under argon to a ihrce-ncck round bottom flask equipped with a 
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condenser and a stir bar. The rcaccion mixuire was heated at 85 **C and the second 
comonomer, acryloniirile. was added via an HPLC pump with a rate of addition 0.02 mL/min. 
Samples of the reaction mixture were withdrawn at the prescribed time intervals. The 
molecular weights and molecular weight distributions were determined by Gel Permeation 
Chromatography vs. polystyrene standards. Tlic polymer yield was determined 
gravimeurically. The cumulative copolymer composition (Fc) was determined by 'H-NMR. 
Based on the GPC and NMR results, the instantaneous copolymer composition (Fi) was 
calculated. The results are tabulated below. 



sample 


time (hrs.) 


polymer yield Cg) 


M,(GPC) 


ivi.yM„ 




Fun 


I 


0.5 


0-24 


1.140 


1.45 


0.16 • 


0.16 


2 


2.2 


0.33 


1.900 


1.36 


0.19 


0.24 


3 


3.2 


1.71 


2.470 


1.30 


0.26 


0.42 


4 


5.2 


6.83 


5.800 


1.12 


0.36 


0.45 


5 


6.7 


9.91 


8,600 


1.13 


0.39 


0.46 


6 


8.2 


12.85 


12.300 


1. 10 


0.47 


0.62 


7 


9.7 


14.57 


15.800 


1. 10 


0.52 


0,68 



Example 201 

10 ml of styrene, 0.172 of CuBr. 0.560 g of 2,2*-bipyridine and 163 1 of 1-phenylethyI 
bromide were added under argon to a three-neck round bottom flask equipped with a 
condenser and a stir bar. The reaction mixture was heated at 85 <»C and the second 
comonomer, acrylonitrilc. was added via an HPLC pump with a rate of addition 0.08 ml/min. 
Samples of the reaction mixture were withdrawn at the prescribed time intervals. The 
molecular weights and molecular weight distributions were determined by Gel Permeation 
Chromatography vs. polystyrene standards. The polymer yield was determined 
gravimetricsdly. The cumulative copolymer composition (Fc) was determined by 'H-NMR. 
Based on the GPC and NMR results, the instantaneous copolymer composition (Fi) was 
calculated. The results are tabulated below. 
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sample 


time (hrs.) 


polymer yield (g) 


M„{GPC) 




F,,„(NMR) 


Fun 


I 


1.0 


2.00 


1.330 


1.35 


0.36 


0.36 


2 


2.0 


3.17 


3,400 


1.19 


0.41 


0.44 


3 


3.0 . 


7.31 


5.600 


l.ll 


0.50 


0.59 


4 


4.5 


11.84 


8.200 


i.lO 


0.53 


0.62 


5 


5.5 


13,97 


11.900 


1.09 


0.55 


0.69 


6 


7.5 


22.34 


17,600 


1.10 


0.63 


0.77 


7 


9.5 


25.54 


20,900 


I.IO 


0.71 


1.00 



Example 202 

10 ml of styrene, 10 ml of diphcnyl cihcr (solvent), 0.172gofCuBr. 0,560 g of 2,2*- 
bipyridine. and 163 I of I-phenylethyl bromide were added under argon to a thxcc-neck 
round bonom flask equipped with a condenser and a stir bar. The reaction mixture was 
heated at 90*'C and the second comonomer. acryloniirile. was added via an HPLC pump with 
a rate of addition 0.03 ml/min. Samples of the reaction mixture were withdrawn at the 
prescribed time intervals. The molecular weights and molecular weight distributions were 
determined by Gel Permeation Chromatography vs. polyst>Tene standards. The polymer 
yield was determined gravimctrically. The cumulative copolymer composition (Fc) was 
detennined by 'H-NMR. Based on the GPC and NMR results, the instantaneous copolymer 
composition (Fi) was calculated. The results are tabulated below. 



sample 


time (hrs.) 


polymer yield (g) 


M„(GPC) 




F,,,v{NMR> 


Fla.n I 


1 


2.0 


1.18 


3.500 


1.15 


0.33 


0.33 


2 


3.0 


2.89 


4,000 


1.14 


0.34 


0.40 


3 


4.5 


6.54 


7,700 


1.10 


0.39 


a.44 


4 


6.5 


8.67 


9,300 


1.09 


0.42 


0.55 


5 


8.5 


8.89 


11,300 


1.09 


0,45 


0.58 


6 


11.5 


9,12 


14,000 


l.ll 


0,50 


0.68 


7 


12.5 


10.23 


15,400 


1.11 


0.52 


0.70 


8 


15.5 


10.73 


17,200 


1.11 


0.55 


0.81 


9 


18.5 


13.43 


17,400 


1.11 


0.56 


0.82 


10 


35.0 


14.2 


18.300 


1.16 


0,58 


0.88 
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Example 203 

10 ml of acryloniuile. 10 ml ofdiphcnyl ether (solvent). 0.172 g of CuBr. 0.560 e of 2.2'- 
bipyridine, and 163 I of 1-phenyleihyl bromide were added under argon to a three-neck round 
bottom flask equipped with a condenser and a stir bar. The reaction mixture was heated at 
80*C and the second comonomer, styrene, was added via an HPLC pump with a rate of 
addition 0.02 ml/min. Samples of the reaction mixture were withdrawn at the prescribed time 
intervals. The molecular weights and molecular weight distributions were determined bv Gel 
Permeation Chromatography vs. polystyrene standards. The polymer yield was determined 
gravimetrically. The cumulative copolymer composition (Fc) was determined by 'H-NMR. 
Based on the GPC and NMR results, the instantaneous copolymer composition (Fi) was 
calculated. The results arc tabulated below. 



sample 


time (hrs.) 


polymer yield (g) 


Mn(GPC) 




F,,.,(NMR) 


1 


1.3 


3.36 


5.900 


1.14 


0.71 


2 


2.3 


6.07 


6J00 


1. 10 


0.68 


-« 
J 


3.8 


6.57 


7.500 


1. 11 


0,66 


4 


5.3 


7.04 


8,500 


1.11 


0.64 


5 


6.8 


7.46 


8.900 


1.12 


0.64 


6 


8.3 


7.92 


8,800 


1.12 


0,61 


7 


9.8 


7,81 


8.700 


1.14 


0.60 


8 


11.3 


8.39 


8.100 


1.14 


0.57 


9 


14.3 


8.56 


7.900 


1.15 


0.60 



Styrene / Butyl Acrylace 
Example 204 

10 ml of styrene. 0.063 g of CuBr, 0.205 g of 2Jl*-bipyridine and 64 I of ethyl -(2- 
bromoisobutyrate) were added under argon to a thrcc-ncck round bonom flask equipped with 
a condenser and a stir bar, Tlie reaction mixture was heated at 120**C and the second 
comonomer, butyl acrylate, was added via an HPLC pump with a rate of addition 0.02 
ml/min (total amount added 25 ml). Samples of the reaction mixture were withdrawn at the 
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prescribed time intervals. The molecular weights and molecular weight distributions were 
determined by Gel Permeation Chromatography vs. polystyrene standards. The cumulative 
copolymer composition (Fc) was determined by 'H-NMR, Based on the GPC and NMR 
results, the instantaneous copolymer composition (Fi) was calculated. The results are 
tabulated below. The final yield of the precipitated and purified polymer, as determined 
gravimetrically, was 8 g. 



sample 


time (hrs.) 


Mn(GPC) 


Mw/Mn 


FcBA(NMR) 


FiBA 1 


1 


1.0 


4,700 


1.18 


0.17 


0.17 ( 


2 


2.5 


9.000 


1.18 


0.19 


0.21 1 


3 


■3.5 


12,400 


1.23 


0.23 


0.34 ! 


4 


5.0 


19.000 


1.24 


0-29 


0.41 I 


: 5 
1 


7,5 


27,800 


1.41 


0.36 


0.52 : 


6 


11.3 


29.000 


1.50 


0.41 


0.65 i 


1 7 


15.0 


34.300 


1.50 


0.46 


0.94 i 


8 


21.5 


45.400 


1.59 


0,57 


0.95 j 



Example 205 

10 ml of styrcnc, 0.063 g of CuBr. 0,420 g of 4, 4'-di-(5-nonyl)-2,2'-bipyridine and 64 1 of 
ethyl -(2-bromoisobutyrate) were added under argon to a three-neck round bottom flask 
equipped with a condenser and a stir bar. The reaction mixture was heated at 1 20 «C and the 
second comonomer. butyl acr>'late, was added via an HPLC pump with a rate of addition 
0.08 mi/min [total amount added 13. ml). Samples of the reaction mixture were withdrawn at 
the prescribed time inten'ais. The molecular weights and molecular weight distributions 
were determined by Gel Permeation Chromatography vs. polystyrene standards. The 
polymer yield was determined gravi metrically, Tlie cumulative copolymer composition (Fc) 
was determined by 'H-NMR. Based on the GPC and NMR results, the instantaneous 
copolymer composition (Fi) was calculated^ The results are tabulated below. 
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sample 


time (hrs.) 


polymer yield fg) 


M„(GPC) 




Fcba(NMR) 




1 


0.9 


1.41 


3.600 


1.17 


0.15 


0.15 


2 


2.5 


2.51 


6J00 


I.IO 


0.20 


0.26 1 


J 


4,5 


3.07 


8,900 


l.ll 


0.26 


0.49 


4 


7,5 


3.89 


11.300 


1.13 


0,31 


0.501 


5 


9.8 


4.18 


12.400 


1.14 


0.32 


0.57 



Example 206 

10 ml of sryrene, 0.063 g of CuBr. 0.420 g of 4, 4*-di-(5-nonyl)-2,2'-bipyridine and 64 I of 
ethyl -(2-bromoisobucyrate) were added under argon to a three-neck round bottom flask 
equipped with a condenser and a stir bar. The reaction mixture was heated at 1 00 ocC and the 
second co monomer, butyl acrv'late. was added via an H PLC pump with a rate of addition 
0.02 ml/min (total amount added 41 ml). Samples of the reaction mixture were withdrawn at 
the prescribed time imen'als. Tlie molecular weights and molecular weight distributions 
were determined by Gel Permeation Chromatography vs. polystyrene standards. The 
polymer yield was determined gravi metrical! v. The cumulative copolymer composition (Fc) 
was determined by 'H-NMR. Based on the GPC and NMR results, the instantaneous 
copolymer composition (Fi) was calculated. The results arc tabulated below. 



sample 


time (hrs.) 


polymer yield fg) 


iVI„(GPC) 






FiBA 


1 


4.3 


1.57 


2.300 


1.17 


0,06 


0.06 


2 


6,7 


3.77 


5,100 


1.08 


0.07 


0.08 


3 


8.5 


4.34 


6,100 


1.08 


0.08 


0.13 


4 


10.5 


4.97 


7.400 


1.09 


O.IO 


0,20 


5 


14.8 


5.19 


8.100 


1.08 


0.12 


0.34 


6 


17.8 


5.29 


9;200 


1,08 


0.17 


0,57 


7 


20.8 


5.41 


9.600 


1.08 


0.18 


0.42 


8 


23.8 


5.65 


10,400 


1.08 


0.20 


0.44 


9 


29.8 


-5.89 


10.600 


1,08 


0.22 


0.54 


10 


33.8 


6,01 


11,100 


1.08 


0,29 


0.64 
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Example ?Q7 

Synthesis of end-functional gradient conolvmer : lOml of sryrene, 0.063g of CuBr. 
0.205g of 2,2*-bip>Tidine and 100 I of functional iniciaior (glycidyl 2-bromopropionate) were 
added under argon to a three-neck round bottom flask equipped with a condenser and a stir 
bar. The reaction naixcure was heated at 80**C and the second comonomer, butyl acrylate was 
added via HPLC pump wid^ a rate of addition 0.05 ml/min (total amount added 36ml). 
Samples of the reaction mixture were withdrawn at the prescribed time intervals. The 
molecular weights and molecular weight distributions were determined by Gel Permeation 
Chromatography vs. polystyrene standards. The cumulative copolymer composition and end- 
functionality were determined by *H-NMR. Based on the GPC and NMR results, the 
instantaneous copolymer composition was calculated. The results are tabulated below. The 
tlnal yield of the precipitated and puriiled polymer, as determined gravi metrically, was 12c. 
The cpoxy functionality as determined by 'H-NMR was 0,91. 



sample 


time 
(hrs.) 










I 


2.5 


950 


1.34 


0.12 


0.12 


2 


5. 


1700 


1.20 0.18 


0.25 


3 


7.5 


3500 


1.20 1 0.24 


0.34 


4 


9 


4200 


1.21 1 0.28 


0.44 


5 


12 


4800 


1.22 


0.31 


0.56 



The final polymer (0.5 g) was dissolved in dry THF (5.0ml) and 1.5 ml of a THF solution of 
tetrabutyl ammonium fluoride ( 1 M ) and 0.4 ml of trimethyl silyl azide were added under argon. 
The reaction was stirred vigorously for 6.5 hr. The final product was isolated by precipitation 
into MeOH, purified by repeated precipitation into MeOH and dried at RT under vacuum for 
24 hrs. The GPC analysis of the material show unchanged molecular weight and polydispcrsity. 
The *H-NMR analysis showed that epoxy functionalicy was preserved entirely. Additionally, 
FT-IR measurements of the material confirmed diat the bromine moiety at the other chain end 
was replace with azide group with yield of 73%. 
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Rxample 208 

Synthesis of symmetrical gradient cnpolvmen lOml of styrene. 0.063g of CuBr. 0.205g 
of 2.2'-bipyridine and 0.3ml of a difunctional initiator ( 1 ,2-bis(bromopropionyloxy)ethane) 
were added under argon to a three-neck round bonom flask equipped \vich a condenser and a 
stir bar. The reaction mixture was heated at 80°C and the second comonomer. butvl acrvlate 
was added via HPLC pump with a rate of addition 0.05 ml/min (total amount added 42ml), 
Samples of the reaction mixture were withdrawn at the prescribed time intervals. The 
molecular weights and molecular weight distributions were determined by Gel Permeation 
Chromatography vs. polystyrene standards. The cumulative copolymer composition and 
two-way growth pancm of the chain were determined by 'H-hfMR. Based on the GPC and 
NMR results, the instantaneous copolymer composition was calculated. The results arc 
tabulated below. Tlie fmal yield of the precipitated and purified polymer, as determined 
gravimeirically, was 20g. 



sample 


time 

fhn,) 


M/GPO 






EiBA 


1 


2.5 


1300 


1.34 


0.20 


0.20 


2 


4. 


, 3500 


1.23 


0.31 


0.45 


3 


6 


6800 


1,23 


0.40 


0.56 


4 


8 


7200 


1.21. 


0.44 


0.61 


5 


12 


9400 


1.24 


0.48 


0.64 


6 


14 


10000 


1.25 


0.52 


0,72 



Graft Copolymers 
PVC Graft Copolymer 
Exgimpie 209 

To 0,0500 g ( LOG X 10-6 mole ) poly(vinyI chloride - r - vinyl chloroacetate (1%)), 
O.OlOO g (6.97 X 10-5 mole) CuBr. and 0.0570 g (l.39x 10^ mole) 4.4'-diC5-nonyl)-2,2'- 
bipyridine in glass tube, 2.0 g (4. 1 3 x 1 0-* mole) styrene was added under argon atmosphere. 
The glass tube was sealed under vacuum and the reaction mixture heated at 1 10°C for 12 
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hours. The reaction mixcurc was then dissolved in THF and the polymer precipitated into 
methanol three times. The content of scvrene determined by 'H NMR was 84 %. M„ = 93.600 
K, / M„ = 3.1 L Tj = 78.5 ~C and 107.9 ~C. 

Graft Copolymers With Polyethylene Backbones 
Example 210 

Chlorosulfonated Polyethylene with Styrene Grafts by ATRP: The following amounts 
of reagents were weighed into glass tube under ambient temperature: 0.3 g (2x10** mol) 
chlorosulfonated polyethylene (M„ = 14900, Hv/H, ^ 2.36), 12 mg (8.37x10*- nimol) of 
CuBr. 1.00 mL (0.909 g, 8.73 mmol) of styrene. and 60 mg (0.175 mmol) 4,4'-di-(5-nonyI>- 
2,2'-bipyridine. Two "freeze -pump-thaw^ cycles were performed on the contents of the tube 
to ensure that oxygen was removed from the polymerizaiion solution. The tube was sealed 
under vacuum and placed in an oil bath thermostated at 90*'C. The tube was removed from 
the oil bath and cooled at O^C in order to quench the polymerization. .Afterwards, the tube 
was broken, and the contents were dissolved in 10 mL of THF. Conversion of the monomer 
was measured using GC, and the molecular weight and polydispersity were measured by 
GPC. After 24 h. the conversion of scyrcne was 87 %. M„ = 85,600. M,,yM„ =1 .79. 'H NMR 
spectrum shown that graft copolymer contain 70 % styrene. 

Example 21,1. 

Chlorosulfonated Polyethykne with Methyl Mcthacryhtte Grafts by ATRP: The 
following amounts of reagents were weighed into a glass tube under ambient temperature: 0.3 
g (2x10-^ mol) chlorosulfonated polyethylene (M„= 14900, MJM^ = 2.36), 12 mg (8.37x10'- 
mmol) of CuBr. I.OO mL (0.936 g, 9.36 mmol) of methyl mcthacrylatc, and 60 mg 
(0.175 mmol) 4,4'-di-(5-nonyi)-2,2'-bipyridine. Two "ft-ceze-pump^thaw" cycles were 
performed on the contents of the tube to insure ±at oxygen was removed from the 
polymerization solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 90*'C. After 8 h, the tube was broken, and the contents were dissolved in 10 
mL of THF. Conversion of the monomer was measured using GC, and the molecular weight 
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and polydispcrsity were measured by GPC. The coaversion of methyl methacrylate was 41 
%, M„ == 26 JOO, MJM^ =1 .75. The 'H NMR specmixn showed that the graft copolymer 
contained 39 % methyl methacrylate. 

Isobutenc Graft Copolymers 
Example 212 

Graft Copolymer of Styreae - Isobutene Elastomer by ATRP The following amounts/of 
reagents were weighed into glass tubes under ambient temperature: 0,3 g(3xlO-' mol) 
brominated p-methylstyrene-isobutene elastomer (Exxon) (K, = 108000, M^/M„ = 2 J I). 12 
mg (8.37x10-^ mmol) of CuBr, 1 .00 ml (0.909 g. 8.73 mmol) of styrene, and 60 mg 
(0.175 mmol) 4,4*-di-(5-nonyl)-2.2'-bipyridine. Two "freeze-pump-thaw" cycles were 
performed on the contents of the tubes in order to insure that oxygen was removed from the 
polymerization solution. 'Ilie tubes were sealed under vacuum and were placed in an oil bath 
thermosxated at 90 '"C. At various time inter\*als the tubes were removed from the oil bath 
and cooled to 0°C to quench the polymerization. Afterwards, the tubes were broken, and the 
contents dissolved in 10 mL of THF. Conversion of the monomer was measured using GC. 
and the molecular weight and polydispersity were measured by GPC. 



Timefh^ 






mol% St. 'H NMR 
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108000 


2,31 




-60 


1 


139000 


2.48 


13.8 


-52 


1.5 


179000 


2.55 


27.3 


0 


2 


193000 


2.59 


33.1 


5 


7 


250000 


2.38 


69 


-60/98 



Example 213 

Isobutene - Isobornyl Acrylate Graft Copolyraer fay ATRP The following reagents were 
weighed into a glass tube under ambient temperature: 0.3 g(3xl0'' mol) brominated p- 
mcthylstyrenc-isobutene elastomer (Exxon) (M, = 108380, M,yM„ = 2.3 1). I2mg (8,37x10-' 
mmoi) of CuBr, 1 .00 mL (0.986 g, 5 mmol) of isobornyl acrylate. and 60 mg (0.1 75 mmol) 
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4,4'-di-(5-nonyl)-2.2'-bipyridine. Two 'freezc-pump-thaw"** cycles were performed on the 
contencs of the tube to insure that oxygen was removed from the polymerization solution. 
The tube was scaled under vacuum and placed in an oil bath thcrmostated at 90'C. After 2 h 
the tube was removed from the oil bath and cooled to CC to quench the polymerization. 
Conversion of the monomer was measured using GC: the molecular weight and 
polydispersity were measured by GPC. Conversion of isobomvl acrylate was 30 %, M„ = 
141000, M,yM„ =2.61. *H NMR spectrum showed that the graft copolymer contained 30 % 
isobomyl acrylate. By DSC measurement one 7^ was found at 2 "C. 

Butyl Rubber Graft Copolymers 
Example 214 

Bromo-Butyl Rubber - Styrene Graft Copolymers by .ATRP: The following amounts of 
reagents were weighed into a glass nibe under ambient temperature: 0.3 g(i.lxlO"' moi) 
bromo-butyl rubber (Exxon) (M„ - 272500, M^/M„ = 1 .78), 12mg (8.37x10-- mmol) of CuBr, 
1.00 mL (0.986 g, 5 mmol) of isobomyl acrylate, and 60 rag (0.175 mmol) 4,4'-di-(5-nonyl)- 
2.2'-bipyridine. Two "freeze-pump-thaw" cycles were performed on the contents of the tube 
to insure that oxygen was removed from the polymerization solution. The mbc was sealed 
under vacuum and placed in an oil bath thermostated at 90*C. After 2 h the tube was 
removed from the oil bath and cooled at 0°C to quench the polymerization. Conversion of the 
monomer was measured using GC. and the molecular weight and polydispersity were 
measured by GPC. Conversion of styrene was 21 %. = 359000, M,yM„ =1.72. 'H NMR 
spectrum showed that the graft copolymer contained 14 % styrene. By DSC measurement one 
Tg was found at -51 "C. 

Example 11 5 

Bromo-Butyl Rubber - Isobomyl Acrylate Graft Copolymers by ATRP: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 0.3 
g(l.lxlO-' mol) bromo-butyl rubber (Exxon) (M„ = 272500. M^/M„= 1.78). I2mg (8.37x10-^ 
mmol) of CuBr, LOO mL (0.909 g. 8.73 mmol) of isobomyl acrylate, and 60 mg (0.175 
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mmol) 4.4'-di-(5-nonyl)-2.2'-bipyridine. Two "t'reezc-pump-chaV cycles were performed on 
ihe contents of the tube to insure ihat oxygen was removed from the polymerization solution. 
The tube was scaled under vacuum and placed in an oil bath thermostated at 90 "C. After 
h, the rubes were removed from oil bath and cooled at O^C in order to quench the 
polymerization. Conversion of the monomer was measured using GC. and the molecular 
weight and polydispersity were determined by GPC. Conversion of isobomyl acrylate was 
23 %. M„ = 387000, MJM„ =1.70. 'H NMR speccnam showed that the graft copolymer 
contained 18 % isobomyl acrylate. By DSC measurement one Tj was found at -52"*C, 

Block Copolymers 
Example 216 

Preparation of PMA-6-PMMA: A dry Schlcnk flask with magnetic stimng bar was 
charged with CuCl ( 1 7.0 mg; 0. 1 7 mmol), 4, 4 - di(5-nonyI) - 2.2 - bipyridinc ( 1 3 8.7 mg; 
0.34 mmol) and purged with argon for 20 min. Degassed methyl methacryiate (5.0 ml. 46.7 
mmol) was added to the flask using degassed syringes and stainless steel needles. 
Poly(methyl acrylate) terminated with a Br atom (0.5 1 g; 0.08 mmol: = 5,900; M,yMn = 
1.32) was dissolved in diphenyi ether (5.0 ml), which was injected into the Schlenk flask 
under argon. The solution was then degassed by repeated freeze -pump-thaw cycles, sealed 
under an argon atmosphere, and the flask placed in an oil bath held by a thermostat at 90 °C. 
At various times, samples were taken via syringe to monitor conversion (GC) and molecular 
weight (SEC). 



Time (h) 


Conversion 


M_ ftheor.l 
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N/A 
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29 
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1.13 
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47,900 


48.400 
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63400 


63,400 


1,15 
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E?t;amplc217 

Preparation of PMMA-6-PBA: A small, dr>' vial was charged with CuBr (3.6 mg; 0.025 
mmol), 4, 4 - di(S-nonyl) - 2.2 - bipyridinc (20.4 mg; 0.05 mmol) and butyl acrylate (0.72 mi; 
5.0 mmol). The vial was sealed with a rubber septum and the solution degassed by repeated 
freeze-pump-thaw cycles. PoIy(methyI methacrylatc) initiator (0.3 g; 0,025 mmol: M„ = 
12,000; M,yM„ =1.19) was added to the vial quickly under an argon atmosphere. The vial 
was sealed and immersed in an oil bath held by a ihermosiat at 1 10°C for 10 hours. This 
gave M« = 35.000 and M,yM„= 1.30 (SEC). Conversion of butyl acrylate to polymer was 
approximately 70% (»H NMR). 

E^OT ple2 1 g 

Preparation of P.MMA-6-PB A: A dr>' small vial was charged with CuBr^ (1.7 mg; 
0.0075 mmol). Cu(0) (1.6 mg; 0,025 mmol). 4.4-di(5-nonyl)-2.2-bipyridine (20.4 mg; 0.05 
mmol), diphenyl ether (0.72 mi) and butyl acrylate (0.72 ml: 5.0 mmoH. The vial was sealed 
with a rubber septum and the solution degassed by repeated freeze-pump-thaw cycles. 
Poly(mechyl methacrylate) initiator (0.3 g; 0.025 mmol; M„ = 12,000; M,/M„ = 1.19) was 
quickly added to the vial under an argon atmosphere. The vial was sealed, the solution stirred 
for 5 min,. and the flask immersed in an oil bath held by a thermostat at llO'C for 25 hours. 
This gave = 51.500 and M,yM„ = 1.71 (SEC). Conversion of butyl acrylate to polymer 
was 70%('HNMR1, 

Example 219 

Preparation of PMMA-6-PMA: A dry round-bottomed flask with magnetic stirring bar was 
charged with CuBr (3.6 mg; 0.025 mmol), 4,4-di(5-nonyl)-2,2-bipyridine (20.4 mg; 
0,05 mmol) and methyl acrylate (0.45 ml: 5.0 mmol). The flask was sealed with a rubber 
septum and the solution degassed by repeated freeze-pump-thaw cycles. Poly(methyl 
methacrylate) initiator (0.3 g; 0.025 mmol: M„ = 10,700; MJM„ = 1.13) was added to the 
flask quickly under an argon aunospherc. The flask was sealed, the solution stirred for 2 
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min.. and the flask immersed in an oil bath held by a thcnmostat at 90°C for 3 hours. TTiis 
gave M„ = 1 6.900 and M,/M„ =1.18 (SEC). 

Example 22Q 

Preparation ofPMMA-A-PMA-fr-PSTY; A dry Schlenk flask with magnetic stirrinc bar 
was charged with CuBr. (1.0 mg; 0.0048 mmol), Cu(0) (1,0 mg; 0.0145 mmol), 4. 4 - di(5- 
nonyi) - 2,2 - bipyridine (6.0 mg; 0.0145 mmol) and styrene (0.7 ml; 2.92 mmol). The tlask 
was scaled with a rubber septum and the solution degassed by one frccze-pump-thaw cycle. 
Poly(methyl methacrylate-i)- butyl acrylate) initiator (0.28 g; 0.0145 mmol; M^, = 19,200; 
M,yMn = 1.15) was quickly added and the flask under an argon atmosphere. The flask was 
sealed, and immersed in an oil bath held by a thermostat at 1 10" C for 16 hours. This gave 
M„ = 36.800 and KMn =1-61 (SECV 

Example 221 

ABA Block Copolymer (Methyl Methacrylate / Butyl Acrylate / Methyl Methacry late): 
To a 10 ml round bonom flask with a stir bar, 2,2'-bipyridine (32.8 mg, 0,21 mmol), copper 
(I) bromide (10,2 mg. 0.07 mmol), and a. a' - dibromo - p - xylene (18.5 mg, 0,07 mmol) 
were added. The flask was sealed with a rubber septum and the contents of the flask 
degassed by applying a vacuum and backfilling with argon. Degassed butyl acrylate (5.0 ml, 
34.9 mmol) was added via syringe. The reaction mLxoire was heated at 100°C and stirred. 
After eight hours the reaction was viscous. Conversion was found to be 93 % by 'H NMR; 
M„ = 60,500, M,, / M„ = 1.3. The reaction was cooled to 50*'C and then placed under \'acuum 
to remove residual butyl acrylate. After 1 hour, degassed methyl methacr>-late (2.25 ml, 21 
mmol) was added via syringe and the reaction heated to 100**C. After 12h- the reaction was 
stopped. Conversion of the methyl methacrylate was 96%; M„ = 93,600, M,^ / M„ = 1 .5. The 
polymer was purified by dissolving in THF and passing over alumina^ followed by repeated 
precipitation into methanol. 'H NMR showed that the polymer contained 32 % methyl 
methacrylate. 
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Example 222 

ABA Block Copolymer (Styrenc / Butyl Acrylate / Styrene): To a 10 ml round bonom 
flask with a siir bar. 2, 2' - bipyridine (32.8 mg. 0.21 mmol). copper (I) bromide (10.2 mg, 
0.07 mmol). and a, a' - dibromo - p-xylenc (1 8.5 mg. 0.07 mjnol) were added. The flask was 
sealed with a rubber septum and the contents of the flask degassed by applying a vacuum and 
backfilling with argon. Dcgas.^cd butyl acrylate (5.0 ml. 34.9 mmol) was added via syrinee. 
The reaction mixture was heated at 100 •€ and stirred. .\fTer six hours the reaction was 
viscous. Conversion was found to be 89 % by 'H NMR; M„ = 57,300, / M„ = 1 .4. The 
reaction was cooled to 50 •€ and then placed under vacuum to remove residual butyl 
acrylate. After 2 hours, degassed st>'rene (2.3 ml, 21 mmol) was. added via syringe and the 
reaction heated to 100°C. After 12 h. the reaction was stopped. Conversion of the styrene 
was 85%; M„ = 75;200, M,,./ .M„ 1.4. The polymer was purified by dissolving in TIIF and 
passing over alumina, followed by repeated precipitation into methanol. 'H NMR showed 
that the polymer contained 28 % sivrcne. 

Example 223 

ABA Block Copolymer (Perfluoroacr>'late / 2 - Ethylhe.xyl Acrylate / Perfluoroacrylate): 
To a 100 ml round bottom flask with a stir bar, 4,4'-di(5-nonyl)-2.2*-bipyridine (587.5 mg. 
1.44 mmol). copper (1) bromide (104.7 mg, 0.72 mmol), and l,2-bis(2- 
(bromopropionyloxyjcthanc (114 uL, 0.57 mmol) were added. The flask was sealed with a 
rubber septum and the contents of the tlask degassed by applying a vacuum and backfilling 
with argon. Degassed butyl acr\'late (45.0 ml, 216 mmol) was added via syringe. The 
reaction mixoire was heated at 90'*C and stirred. After five hours the reaction was viscous. 
Convenion was found to be 96 % by 'H NMR; M„ = 55,500. M,^ / M„ = 1.4. The reaction 
was precipitated three times into methanol from TI-IF. then dried overnight in a vacuum oven 
at 70''C under vacuum. The polY(2 - ethylhexyl acrylate) (10.0 g) was then added to a 100 
ml round bottom flask with a stir bar. 4,4'-di(5-nonYl)-2J2'-bipyridinc (310 mg. 0.76 mmol), 
copper (I) bromide (55.3 mg, 0.3 S mmol). After degassing by applying a vacuum and 
backfilling with argon, degassed a. a. a - trifluorotoluene (lO.O ml) and Dupont's Zonyl TA - 
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N f 3. 125 ml. 5g) were added and the reaction heated to lOO^'C. After 2 days, the reaction 
was scopped. Conversion of the ZonvLTA - N was 79%. The polymer was purified by 
dissolving in 1 . 1 . 2. - irifluorotrichloroethane and passing over alumina, followed by 
precipitation into methanol. 'H NMR showed that the polymer contained 28 VoZony! TA-N. 

Styrcnc and Butyl Acrylate 
Example 224 

S.Omlofstyrene, 0.0530 g of CuBr, 0.0573 g of 2.2'-bipyridine. 25 of 1-phenylethyl 
bromide were added to a schlenk flask under argon and the reaction mixture was heated at 
lOO'C. The reaction was carried out until the medium solidified. A sample was withdrawn 
for molecular weight analysis (from Gel Penneation Chromatography: M„ = 19.000 and 
MJM^ = 1 . 1 5^ and the unreacted sty rene was removed under vacuum. Then. 1 0 ml of butyl 
acrv-late and 0.02 g ofCuBr were added under argon and the reaction was allowed to continue 
at 1 lO'C for 24 hrs. .\ sample was again withdrawn from the reaction mi.xture and analyzed 
by Gel Permeation Chromatography vs. polystyrene standards giving M„ = 28,000 and 
M,,/M„= 1.60. The copolymer contained 32 % of butyl acrylate as determined by 'H-NMR. 
The overall yield of precipitated copolymer was 50 % (detennined gravimctrically). 

Example 225 

S.Omlofstyrene. 0.0530 g of CuBr. 0.353 g of 4, 4'-di-(5-nonyl)-2.2*-bipyridine. 25 uL 
of i-phenylcthyl bromide were added to a schlenk flask under argon and the reaction mixture 
was heated at 120''C. The reaction was carried out until the medium solidified ( 1 7 hrs.). A 
sample was withdrawn for molecular weight analysis (from Gel Permeation Chromatography: 
M„ = 29.000 and M^/M„ = 1 .08) and the unreacted styrcne was removed under vaciium. 
Then, 10 ml of butyl acrylate and 0.02 g of CuBr were added under argon and the reaction 
was allowed to continue at 1 00°C for 24 hrs. A sample was again withdrawn from the 
reaction mixture and analyzed by Gel Permeation Chromatography vs. polystyrene standards 
giving M„ = 73.000 and M,,/M„ = 1.09. The copolymer contained 45 % of butyl acr>'late as 
determined by 'H-NMR. 
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Buivi Acrylate and 2 - Hydroxyethyl Acn'late 
Example 226 

Block Copoiymerization of Butyl AcnMate with l-Hydroxyethyl Acrylate bv ATRP: 
Under an argon atmosphere . 13.3 mL (9.3x10'^ mol) of butyl acrylate was added to 4 g 
{2.5x10-- mol)of 2.2'-bipyridine and 1.33 g (1.2x10-- mol) CuBr in a 50 mL glass tlask. The 
initiator 1.32 (1.2x10-^ mol) methyl 2-bromopropionate was then added via s\Tinee: The 
flask was then immerse in on oil bath at 90°C, After 7 h of reaction (the conversion of 
monomer was 99% and =1 100. H,/M„ = 1.45) the second monomer, 6 mL (5,k10-- mol) 
of 2-hydroxycthyl acrylate was added. After another 7 h of reaction the flask was cooled to 
O^^C to quench the polymerization. Afterwards, the contents of the tlask were dissolved in 
1 00 mL of THF. Conversion of the monomer was measured usint; GC. and the molecular 
weight and polydispersity were measured by GPC. Tlie conversion was 97 %. NL = 2,100. 
M.yMn =1.57. 'H NMR spectrum shown that the copolymer contained 40 % of 2- 
hydroxyethyl acrylate and 60% butyl acrylate. 

Block Copolymers with Polynorbomcne 

Example 227 

Preparation of Polynorbomene iMacroinitiator 

The following procedures were done in a glove box: 0.066 g ( 1 .2 x 1 0"* mole) 
Mo(CHCPhMcJ(NAr)(0-t-Bu), (Ar = 2,6-diisopropylphcnyl) in 7ml toluene was placed in a 
schlenk flask. Willi stirring, 0.60 g (6.37x10'^ mole ) norbomene in 14 mi toluene>vas added 
to the flask over 2 min. After stinring for 1,5 hours at room temperature, the reaction was 
terminated by adding 0.1 g (5.02 xlO"* mole) 4-bromomeihyl benzaldehydc in 5 ml of 
toluene. After stirring 1 hour, the reaction mixture was taken from the glove box and mixed 
with hcxanc and methanol to precipitate the polymer. The obtained polymer \\*as dissolved in 
toluene and precipitated into methanol. M„=12J00 (GPC)» Mw/Mn = l.24 T^ = 32°C 
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ATRP of Styrene using Polynorbornene as a Macroinitiator 

To O.lOO g (L35 X 10*^ mole ) polynorbornene . 5.9 mg (4.13 x iO'^ mole) CuBr, and 0.0338 
g (4.13 X 10-* mole) 4,4'-di(5-nonYl)-2,2'-bipyridine in a glass tube, 0.43 g (4.13 x 10-* mole) 
styrene was added under an argon atmosphere. The glass tube was sealed under vacuum and 
the reaction mixture was heated at 90*'C for 19 hours. The reaction mixture was then 
dissolved in THF and precipitated into methanol three times. The content of styrene 
determined by NMR was 62 %. M„ = 32,100 Mw/Mn = 1.16, T^ = 45*'C and 95 "C. 

Example 229 

ATRP of iMethyl Acn'late using Polynorbonene as a Macroinitiator 
To 0.050 g (6.76 x lO"* mole ) polynorbonene. 7.2 mg (5.02 ,x 10'^ mole) CuBr. and 0.0408g 
( 1 .04 X 1 0'^ mole) 4,4'-di(5-nonyl)-2.2 '-bipyridine in a glass tube. 0.667 g (4. 1 3 x 1 0** mole) 
methylacrylate and 1 .0 ml toluene were added under an argon atmosphere. The glass tube 
was sealed under vacuum and the reaction mixture heated at 90*'C for 19 hours. The reaction 
mixture was then dissolved in THF and precipitated into methanol three times. The content 
of methylacrylate determined by NMR was 37 %. Mn =18.500. Mw/Mn= 1 .3 I. T.. = 43 °C 
and 7*C. 

Block Copolymers with Dicyclopentadiene by ATRP 
Example 230 

Preparation of Polydicyciopentadienc macroinitiator 
Following procedures were done in glove box. The Mo-alkylidcnc complex 
Mo(CHCPhMc2)CNAr)(0-t-Bu), (Ar = 2,6-diisoprx)pylphenyt) 0.066g (1.2x10"* mole ) in 7mi 
toluene was placed in a schienk flask. With stirring, 0.60g (4.54x10"^ mole) 
dicyclopentadiene in 14 ml toluene was added over 2 min. After stirring 1.5 h at room 
temperature, the reaction was terminated by adding 0.1 g (5,02 xlO*^ mole ) 4-bromomethYl 
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benzaldehyde in 5 ml of toluene. After stirring an additional hour, the reaction mixture was 
taken from the glove box. The reaction mixture was mixed with hcxane and methanol to 
precipitate the polymer and the pale yellow precipiute obtained was dissolved in toluene and 
precipitated again into methanol. Yield of isolated polymer 0.607g (95.1 %). Mn (NMR) = 
7,400 (M,t,= 5,000) and M„ (GPC) - 12,400, M,/M„ = 1.21. - 1 18.9"C. 

E?^ample23T 

.A.TRP of Styrene using Polydicyclopentadiene as macroinitiator 
To O.lOO g (1.35 X 10'^ mole ) polydicyclopentadiene, 5.9 mg (4,13 x lO'^ mole) CuBr. and 
0.0338 g (4.13 X 10-' mole) 4,4'-di(5-nonyl)-2,2'-bipyridine in a glass tube. 0.43 g (4.13 x 10^ 
mole) styrene was added under an argon atmosphere. The glass tube was sealed under 
vacuum and the reaction mixture heated at 90*'C for 19 hours. The reaction mixture was then 
dissolved in THF and precipitated into methanol three times. The comeni of stvrene 
determined by 'H NMR was 70 %. M„ = 20.300. M,, / = 1 .37. Tg = 86,4*=C and 106.9°C. 

Example 23.2 

ATRP of Methyl acrylate using Polydicyclopentadiene as macroinitiator 
To 0.050 g (6.76 x 10'^ mole ) polydicyclopentadiene. 7.2 mg (5.02 x 10*' mole) CuRr, and 
0.040S g (1.04 X 10-* mole) 4,4*-di(5-nonyl)-2.2'-bipyridine in glass lube. 0.667 c (4.13 x 10'" 
mole) methyl acrylate and l.O ml toluene were added under argon atmosphere. The glass 
tube was sealed under vacuum and the reaction mixture was heated at 90°C for 19 hours. 
The reaction mixture was then dissolved in THF and precipitated into methanol three times. 
The content of med\ylacr>'late determined by 'H NMR was 80 %, M„ = 25,600, M,,-/.M„ = 
l.48,Tg = lL6Xand 107.0°C. 

ABA-type Block Copolymers by Transformation of "Living" Carfaocationic into •Living" 
Radical Polymerization 
Example 233 
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Synthesis of difunctionai macroinitiator by ''living' carbocationic polvmerizarion of 
isobutene: The difunctionai macroinitiator Cl-Scyrene-Polyisobutene-Styrenc-Cl (Cl-Sl-PIB- 
St-Cl) was obtained by "living" cationic of isobutene (5,6 g, 0.1 mole) with the p-dicumyl 
methyl ether (0.166 g. 0.75x10- mole)mCl4 (2,xlO-- mole) initiating system in the presence 
of 2.6-di-tcrt-butylpyridine (0.3x10*^ mole) at -SO'C in methylene chloride (40 mU/hexane 
{60 mL) in a Schlenk flask under a nitrogen atmosphere (dry-box). After 60 minutes of 
reaction, the "living" PIB was capped with an average of 3-4 units of styrene (5x10*^ mole) 
The polymerization was quenched by addition of prechillcd methane!. The polymer was 
purified by repeated dissolution-precipitadon in dichloromethane/methanol and dried under 
vacuum. The molecular weight and polydispcrsity were measured by SEC. = 7800. 
MJM^-\.j 1 . The structure of the difunctionai macroinitiator was confirmed by 'H NMR 
spectroscopy. 

Rxample 234 

ABA block copolymers by ATRP of styrene and (meth)acr>'late using as macro-initiator 
Cl-St-PIB-St-Cl: The following reagents were weighed in an appropriate amount into glass 
tube under ambient atmosphere: CuCl (3.85x10** mole). 4. 4/-di(5-nonyl)-2,2'-bipvridine 
(7,70x10'^ mole), monomer (styrene 1.05x10** mole, methyl acrylate 1.03x10-^ mole, methyl 
mcthacrylate 2,08x10'* mole. Isobomyl acrylate 1.3x10'* mole), toluene (1 mL), and 
difunctionai polyisobutene (styrene end-capped) macroinitiator (3.85x10*' mole). Two 
"freeze-pump-thaw" cycles were perfomied on the concents of each tube to insure that oxyeen 
was removed from the polymerizadon solution. Each tube was sealed under vacuum and 
placed in an oil bath ihermostated at 100°C. After 12 h» the tubes were removed from the oil 
bath and cooled to 0°C in order to quench the polymerization. Afterwards, the individual 
tubes were broken and the contents dissolved in 7 ml of THE. Percent conversion of each 
monomer was measured using gas chromatography, molecular weights and polydispersities 
were measured using size exclusion chromatography. 
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Exp. 


Monomer 








I 


Stvrene 


13370 


13350 


1.18 "1 


2 


Methyl acrylatc 


11800 


12200 


1.4 1 1 


J 


Methyl mcthacrylace 


23100 


2Z50O 


1.45 ) 


1 4 


Isobomyl acrylatc 


17270 


ISSiO 


1.44 j 



The GPC measurements showed that the molecular weight distribuiions of the tribiock 
copolymers were monomodal and narrow. No signal attributed to staning macroinitiator was 
detected. The M„ was also determined from 'H NMR spectra by integration of the -CH,- 
protons of PIB initiator, the aromatic protons from polystyrene and of the -C(0)OCH„- from 
the polyacrv'latcs and poly(methyl methacrylate) segments. Ail are close to the value 
determined by GPC. DSC measurements showed that the thermoplastic ela.stomers based on 
PIB had two distinct glass transitions for the PIB block at -7rc and for the polvsiyrenc 
block at 9 r C. Similar results were obtained for tribiock copolymers with poly( methyl 
methacr^iate) (■94°C) and poly(isobomyl acrylate) (93*'C) 

Thermal Propenies of ST/BA Copolymers. 

Thermal propenies of the various ST/BA copolymers were measured via DSC (DSC Plus 
from Rheometrics). The samples 10 mg) were heated from -100 to 200 ''C with a rate 
20°C/ min. The cnoling rate was 40"C / min. Tlie second heating was analyzed and the 
results are reponed below: 



sample 


type 


%BA 


M.([V1WD) 


Tg CO 


Example ISS 


statistical 


34 


34.000(1.10) 


20.91' ! 


Example 204 


gradient 


57 


45.400(1.59) 


0.90 i 


Example 206 


gradient 


24 


13.000(1.08) 


-51.84 
4,49 


Example 225 


block 


45 


73.000(1.15) 


-59.99 
99.39 



Functionalization of Hyperbranched Polymers 
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Example 235 

Preparation of Hyperbranched Polymer with Azide (Nj) Functional Groups: Material 
(0.5 g) as prepared in Exaxnpic 113, was dissolved in TKF (4.0 ml) under dry conditions. 
Tetrabutyl ammonium fluoride (1.5 ml, I M in THF) and trimethylsilyl azidc (0.4 ml, 3 
mmol) was. added via syringe. The exothennic reaction was stirred for six hours. The 
reaction was quenched by precipitation into MeOH / H,0 (2X). After drying under vacuum 
at room temperature, the material was analyzed by IR spectroscopy; a peak at 21 1 5 cm-l had 
formed and was assigned to the azide group. Yield = 80 %. SEC of the azide functional 
material gave the same molecular weight as the staning material. 

Crossiinked Materials from Hyperbranched Polymers 

Example 236 

Preparation of crossiinked material by hearing: 15.4 mg of polymer obtained from 
Example 235 was placed in a DSC pan and heated to 250 °C at 20°C/min using a 
Rheo metrics DSC Plus. A large exo therm was observed with peak temperature, 1 98*'C, 
Figure 2. After cooling the material was removed from the pan and found to be hard and 
intractable. It was insoluble in THF. 

Example 237 

Preparation of crossiinked material by heating: Polymer obtained from Example 235 
was loaded for simple shear onto a Elheomcirics MKIII Dynamic Mechanical Thermal 
Analyzer and heated to 250**C at lO'C/min. At 200°C. the shear modulus (G') began to 
increase from 300 Pa until it reached a maximum of 1,000.000 Pa at 220''C} Figure 3. After 
cooling the material was removed from the pan and found to be hard and intractable. It was 
insoluble in THF. 
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Preparation of crosslinked material by irradiation: 1 0.0 mg of polymer obtained from 
Example 235 was placed on a glass slide and irradiated using a mercury lamp. After 6h the 
material was found to be soft but no longer able to flow. It was insoluble in THF. 
Synthesis of End Functional Polymers 

Styrene 
Example 239 

Synthesis of End-Functionalized Polystyrene by ATRP; The following amounts of 
reagents were weighed into a glass tube under ambient temperature: 6.5 mg (4.54x 1 0'- 
mmol) of CuBr. 37.1 mg (9.09x10*- mmol) 4,4*-di-(5-nonyl)-2.2'-bipyridinc. initiator 
(4.54x10*- nrrniol) and 0.50 mL (4,54x10*' g. 4,35 mmol) of styrene. Three "freeze-pump- 
thaw" cycles were performed on the contents of the tube to insure that oxygen was removed 
from the polymerization solution. The tube was sealed under vacuum and placed in an oil 
bath thermostated at 1 10*'C, Alter 3 h the lube was broken, and the contents were dissolved 
in 5 mL of THF. Conversion of the monomer was measured using GC. and the molecular 
weight and polydispersity were measured by GPC. 
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1 Initiator Name 


• % Conv. 


1 




' 4-Meihylben2:yl bromide 


51 


4,400 


1.17 


' 4-Cvanobenzvl bromide 


48 


5,500 


I.IO 


: 4-BromQ-berizyt bromide 


48 


4,500 


1.16 


2-Bromopropionicrile 


48 


5,100 


1.09 


Bromoacetonitrile 


48 


4.500 


LIO 


Glycidol 2-bromaproprionate 



62 


6,800 


1.12 


ten-Butyi 2-hromoproprionate 


41 


4,000 


1.17 


i Hydroxy ethyl 2- 
\ bromoproprionace 


48 


7,500 


I.IO 


i Viny! chloroacciate 


94 


5.800 


1.12 


I Ally! chloroacctate 


14 


2.600 


L77 


j 

i a-Bromobutvrolactone 
1 


41 


4.000 


1.17 


1 2-Chloroacetamide 


12 


4.000 


1.51 



Methyl Acrylate 
Example 240 

Synthesis of End-FunctionalLced PoIy(Mcthyl Acrylate) by ATRP: The following 
amounts of reagents were weighed into a glass tube under ambient temperature: 6.8 miz 
(4.7x10*- mmol) of CuBr. 39.1 mg (9.4x10*- mmol) 4,4'-di-{5-nonyl)-2.2'-bipyridinc. initiator 
(1.2x10*' mmol) and 0.50 mL (5.5 mmol) of methyl acrylate. Three "freeze-pump-thaw" 
cycles were performed on the contctits of the lube lo insure that oxygen was removed from 
the polymerization solution. The tube was sealed under vacuum and placed in an oil bath 
thermostated at 1 10°C. After 1 .7 h the cube was broken, and the contents were dissolved in 5 
mL of THF. Conversion of the monomer was measured using GC, and the molecular weight 
and polydispcrsity were measured by GPC. 



-173- 



wo 98/40415 PCT/US98/04333 



E?^^mple241 

Preparation of Functional Poly(IVIethyI Acetate) Prepared by ATRP 



Initiator Names 


Vo Conv. 


'^^n. SEC 




Ally I Bromide 


89 


6220 


1.34 


2-Bromoproprionic acid tert-butyl ester 


94- 


3980 


! 1.22 


Hydroxycthyl 2-bromoproprionate 


97 


4560 


1.30 


a-B ro rao-n-bur>TO lactone 


83 


4120 


1.13 


4-Cyanobcnzyi bromide 


93 


4110 


1.13 


Glvcidyl 2-bromoproprionatc 


93 


4020 




2-bromopropioniirile 


82 


3550 : 


' 1. 10 


2-Chloroaceiamide 


32 


7220 ! 


1.22 


Vinyl chloroacetale 


70 


3260 ! 


1.34 


4-Bromo-benz\'lbromide 


95 


4010 i 


1.22 



Carboxylic Acid Containing Initiators 
Example 242 

Initiators used: BBA = 2-bromobutyric acid: BIA = 2-bromoisobutyric acid: TMSDB = 
trimcthyisilyl 2-bromobutyratc: BDMSBB = ^er/-buiyldimethyisilyl 2-bromobutvrate: BBP = 
/err-butyl 2-bromopropionate. 

Bulk Polymerization of St>'rene/N,N,N%N',N"-PcntamethyldiethyIenetriaminc/CuBr/ 
Initiator: A dry round-bottom flask was charged widi CuBr (39 mg, 0.27 mmoH. ihe inidator 
(0.27 mmol), styrene (3ml. 26.2 mmol), and a magnetic surbar. The flask was sealed with a 
rubber septum and degassed by three freezc-pump-thaw cycles. The flask was immersed in 
an oil bath ihermostated at 1 lO'^C and .V.A^.//'./V*.A'"-pentamethyldiethylenetriaminc (56.3 
ml 0.27 mmol) was added. At various times, the samples were taken and dissolved in THF 
to measure conversion (GC) and molecular weight (SEC). The siloxanc protected acid 
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groups were deproiecied by washing with dilute acid after polymerization. 



i [nitiacors 


Time(h) 


Conversion (%) 




M„.SEC 




i BBA 


2 


67 


6700 


18400 


1.17 1 


i BIA 


2.17 


68.5 


6850 


23400 


1.25 i 


I TMSBB 


1.05 


66.6 


6660 


10700 


1.13 1 


i BDMSBB 


\25 


58.8 


5880 


10360 


1.14 j 


BBP 


L33 


76 


7600 


7600 


1.12 



Initiator 


Time (h) 


Conv, (%) 


Mn.ih 






TMSBB 


0.33 


17.5 


1750 


4810 


1.03 (cut) , 


TMSBB 


0.67 


33.2 


3320 


6480 


1.06 


TMSBB 


l.O 


43.4 


4340 


7920 


1.08 I 


1 TMSBB 


1.33 


49.4 


4940 


9080 


1.09 i 


•TMSBB 


1.67 


56.7 


5670 


10)00 


1. 10 j 


! TMSBB 


2.0 


61.2 


6120 


10850 


1.18 1 




Initiator 


Time (h) 


Conv. (%) 


Mn-th 




M,yM„ 1 


BDMSBB 


0.33 


19.4 


1940 


3810 


1. 10 j 


BDMSBB 


0,67 


35:8 


3580 


5660 


1.08 i 


BDMSBB 


1.0 


46.8 


4680 


6890 


1.08 1 


BDMSBB 


1.45 


55.3 


5530 


7450 


1.09 1 


BDMSBB 


2.01 


64.0 


6400 


8440 


1. 10 i 


BDMSBB 


2.5 


69,4 


6940 


8680 


Lll 
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Initiator 


Time ih) 


Conv. Cro) 


Mn,th 




M,yM„ ^ 1 


BBP 


0.33 


21,7 


2170 


2630 


1.17 


BBP 


0.72 


39.8 


3980 


4560 


1.13 


BBP 


1.12 


50.0 . 


5000 


5860 


1.08 


BBP 


1.5 


58.1 


5810 


6230 


1.12 


BBP 


1.92 


63.7 


6370 


6800 


1.13 


•BBP 


2.67 


72.4 


7240 


7270 


1.15 


'BBP 


3.25 


77.2 


7720 


7520 


1.16 



Transformation of End Groups 
Example 243 

Synthesis of pMA-Br: Soluiiorr Polymerization of Methyl Acrylate/Methyl-2- 
bromopropionate/CuBr: A dr>' round-boaomed flask was charged with ethylene carbonate 
(15 g, 0.17 mol), 2.2*-dipyridyl (1.6 0.01 moH and CuBr(470 mg. 3.3 mmol). The llask 
was sealed with a rubber septum and cycled between vacuum and nitrogen for three times to 
remove the oxygen. Degassed methyl acrylate (20 ml. 222 mmol) and methyl-2- 
bromopropionate (0.88 ml, 7.9 mmol) were added and the flask was immersed in an oil bath 
held by a thermostat at 90 "C. After 3 hours stirring, at 90% conversion the reaction was 
stopped. The reaction mixture was diluted with THE. filtered over a short alumina column 
and the polymer was precipitated in n-hexane. Molecular weight measured by SEC was 
VU-1850. M,.=2025. M,yM„-l .1. From the 'H-NMR spectrum M„= 2140. Tlie integration 
of the peak at 4.3 ppm which conresponds to the -CH(COOMe)-Br end group indicated that 
all chains are terminated with a bromine end croup. 

E.xample 244 

Transformation of bromine to azidc: A dry round-bonom flask charged with bromo 
end-functionalized poly(methyl acrylate) (Ig, 0.5 mmol) and trimethylsilyl azide (0.2 ml.. 1. 5 
mmol) under Argon. To the mixture was added a solution of TBAF (I M THE solution. 1 .5 
ml, 1.5 mmol) at room temperature, .\fter stirring for 36 h, the reaction mixture was passed 
through a short silica gel column and the solvent evaporated. Note: TBAE can be used in 
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catalytic amounts (0.15 ml. 0.15 mmoH in combination with potassium tluotidc f87 me. 1.5 
mmol). 

Example 245 

Transformation of bromine to azide: Bromo end-functionalizcd poly(methyl acrylate) (Ig 
0.5 mmol) was dissolved in DMF and sodium azide (39 mg, 0.6 mmol) was added. After 
stirring for 36 hours, the reaction mixture was diluted with ethyl acetate and water was 
added. After extraction with water for three times, the organic phase was dried with 
anhydrous magnesium sulfate and the solvent was evaporated. The product was 
characterized by FT-IR (cm''): 2113 (s), which was assigned to the azide groups. The 
MALDI-TOF MS spectrum is shown in Figure 4. The theoretical mass of azide end- 
functionalizcd poly( methyl acrylatc) corresponds to [87 (CHjCIIfCOOMc)-) + /i*86 (- 
CH.CHfCOOMe)-) ^ 42 (-N;.) + 23 (Na)]'. Theoretical and obtained mass values are 
comparable in an error range of +/- 4. Small peaks due to the loss of N.. Nj and N*. CHi 
during the mass spectrometry' experiment were observed. 

Example 246 

Transformation of azide to iminophosphorane: To a solution of azido end-functionalized 
poly(melhyl acrylate) (Ig. 0.5 mmol) in dry letrahydrofuran. triphenylphosphine (157 mg, 
0.6 mmol) was added. After,stirrinc the reaction mixture at room temperature overnight, the 
product was purified by rcprecipitation in n-hcxane. Complete conversion of the azido end 
groups into iminophosphorane groups was observed by 'H-NMR through comparison of the 
integration of the following peaks: 6 = 7.3 to 7.7 ppm (3 phenyl groups) and 6 = 1.15 ppm 
(CHj of the initiating group), in the MALDI-TOFMS spectrum, shown in Figure 5, two 
series of peaks are observed. The major and minor peaks correspond to iminophosphorane 
end-functionalizcd poly(methyl acrylate) ionized respectively with H' and Na*". The masses 
observed are thus within an error range of +/-4 (87 (CH;CH(COOMe)-) + fi*86 (- 
CH,CH(COOMc)-} + 276 (-N=PPh;) t 1 or 23 (M or Na)]'. 
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Example ;>47 

Transformation of iminophospfaorane to primary amines: To a solution of 
iminophosphorane end substituted poiy(methyl acrylaie) (Ig. 0.5 mmol) in tctrahydrofuran. 
water (90 I. 5 mmoi) was added. The reaction mixture was stirred for 48h at room 
temperature and the product was purified by reprccipitation in n-hexanes. The MA.LDN 
TOFMS spectrum, shown in Figure 6. represents the amino terminated paly(methyl acrylatc) 
with theoretical mass [87 (CH;CH(COOMe)-) + n*86 (-CH,CH(COOMe)-) + (-NH,) + 23 
(Na)]\ Peaks of lower intensity are caused by the loss of a methoxygroup and the least 
intense peaks which arc observed. between the two others are due to the loss of the amino 
group. 

Example 248 

Transformation of halogen to secondar>' amines: Poly{merhyl acr^'late) Ug- 0.5 mmol) 
was dissolved in DMSO and n-butylaminc (365 mg. 5 mmol) was added, .\fter siirrina for 
35 hours at room temperature, the product was extracted in eihylacetate. Characterization 
was done with electrospray MS. Figure 7. Two scries of peaks weris observed. The mass of 
the major peaks correspond within an error range of -?-/- 0.5 to the mass of the parent product, 
namely mass [87 (CHiCH(COOMe)-) ^ n*86 (-CH,CH(COOMe)-) ^ 72 (-NH-(CH,),-CH3) 
+ 1 (H)]'. The minor series of peaks corresponds to the doubly ionized species. 



Examnle 24Q 

Transformation of halogen to alcohol: To poly(methyl acrYlaie)-Br ( I g. 0.5 mmol). 
dissolved in DMSO. butanolaminc (0.47 ml. 5 mmol) was added. After stirring for 30 hours 
at room temperature, the product was analyzed by electrospray MS. Figure 8. The peaks in 
the spectrum correspond with the to the mass of the parent product, namely mass [87 
(CHjCHCCOOMe)-) + /7»86 (-CH:CH(COOMe).) + 84 (-NH-(CH,)rOH) + I (H)+ 23 
(Na)]\ 

E^^ample 250 
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Transformation to an ester: Poiy(methyi acryiatc) (Ig, 0.5 mmol) was dissolved in DMSO 
and silver acetate (125 mg, 0,75 mmol) and sodium acetate (4 10 mg, 5 mmol) were added. 
After stirring for 36 hours at room temperature, the product was extracted in ethyl acetate 
using 1% HNOj-soiution as water phase. The product was analyzed by 'H-NMR: the CH- 
pcak assignable to die end group was completely shifted ft-om 4.4 ppm (CH-Br) to 5,0 ppm 
(CH-OAc). 



Multiftmctional Initiators 1.2-bis(bromopropionyloxY)ethane) 
Example 2^1 

Synthesis of l,2-bis(bromopropionyloxy)€thanc: A 500 ml schlcnk flask containing a 3/4 
inch stir bar was flame dried under argon and charged with 10 ml (0,18 mol) of ethylene 
glycol. 28 ml (0.20 mol) of triethylaminc and 50 ml of diethyl ether. The flask w-as fined 
with a reflux condenser and purged constantly with argon. The apparatus was submerged 
into an ice/water bath to maintain a O^'C reaction temperature. Dropwiiie addition of 47 ml 
(0.45 mol) of bromopropionyl bromide to the reaction solution proceeded. At completion of 
the reaction, the reaction mixture was filtered to remove insoluble salts. The organic product 
was separated from byproducts and unreacted starting materials by three 50 ml extractions 
from an aqueous saturated sodium bicarbonate solution followed by three 50 ml extractions 
from deionizcd water. The organic liquid was dried over magnesium sulfate and filtered. 
The solvent was removed by evaporation. Final purification of the product was achieved by 
vacuum distillation at 82 - 86'C. 2 mm Hg. 'H NMR (CDClj): 6 = 4.40 (s. 4H), 4.35 (q. 
IH), 1.81 (d, 3H). IR (polyethylene film): 3500,3000.2950.2900. 1700. 1460. 1400. 1350. 
1290-1230, 1170. 1080 cm'. 

Exarnple 252 

Bulk Polymerization of n-Butyl Acrviate (Initiator = 1,2- b 

(bromopropionyloxy)ethane): A dry round-bonomed flask was charged with CuBr (50.8 
mg; 0.349 mmol) and 2.2'-bipyridyI (163.5 mg; 1.05 mmol). The flask was sealed with a 
rubber septum and was cycled between vacuum and argon three times to remove the oxygen. 
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Degassed rt-butyi acrvlaie (28.6 ml: 199.5 mmol) was added using degassed syringes and 
stainless steel needles. The l.2-bis(bromopropionyloxy} ethane(1.0 ml; 5 mmol) was added 
and the flask was immersed in an oil bath held by a thermostat at 80°C. After stirrinc 
overnight, the conversion was 95%. and the produced poly(ff.butyi acrylate) had M„=5070 
(Mn. th = 5,100) and M,yM,= I.2S. 

Hexakis(4-(2-methylbromopropionyloxy)phenoxy)cyclotriphosphazene 
Example 253 

Synthesis of Hcxakis(4-(2-bromopropioayIoxYmethyl)phenoxy)cyclo-triphosphazene: 
Hexakisf4-hydroxymethylphenoxy)cycloiriphosphazene was prepared according to the 
method of Chang et al. (Chang, J. Y.. Ji. H. J.: Han. M. J.: Rhee, S. B,: Cheong. S.: Yoon, M. 
\Iacromolecules 1994,2/. 1376.) Hexakisf4-hydroxymethyiphcnoxy)cyclotriphospha2ene 
{3.20 g, 3.66 X 10"^ mol) was placed into a 250 ml three neck flask containing a 3/4 inch stir 
bar. The flask, flushed continuously with argon, was fitted with a 125 ml addition funnel and 
reflux condenser. THF (125 ml) and triethylamine (3.41 u, 3.37 x lO"' mol) were then 
transferred to the flask. The solution was cooled to O'^C with an ice/water bath. The addition 
funnel was charged with 2-bromopropionyl bromide (7.1 1 g, 3.29 x lO"- mol) and THF (20 
ml). This solution was added dropwisc to the cyclotriphosphazcne solution at a rate of 1 drop 
every 3 seconds. Vrlien addition of the bromopropionyi bromide solution was complete, the 
reaction was allowed to warm to room temperature overnight. The mixture was transferred to 
a I L scparatory funnel. Unreacted acid and soluble salts were separated from the product by 
three 250 ml extractions into an aqueous saturated sodium bicarbonate solution followed by 
another 250 ml extraction into deionized water. The organic phase was dried over 
magnesium sulfate and the solvent removed by evaporation. The product orange oil was 
isolated in 95% yield. 'H NMR (CDCh): 6 - 7.2 (d, 2H). 6.9 (d, 2H), 5.2 (q. 2H), 4.4 (q, 
1H),1.8 (d, 3H). 

Example 254 
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Polymerization of Methyl Acn'late from Hexakis(4-faromomcthylphenoxy)- 
cyclotriphosphazene: To a 50 ml 3-neck flask fitted with an argon adapter, reflux 
condenser and glass stopper was added 13 mg (l.Ol x lO"^ mole) hexakis(4-bromo- 
methylphcnoxY)cyclotriphosphazene. Into a 25 mi round bonom 1-neck flask was added 17 
mg (1.20 X 10^ mole) copper bromide and 99 mg (2.42 x lO-* mole) di-4,4*-(5-nonyl)-2;2'- 
bipyridyl.. The oxygen was removed from both flasks by a 1 mm Hg vacuum at 25 ^^C for 15 
minutes after which argon was admincd to each vessel. The 3-neck and I -neck flasks were 
charged with 5.74 g (6.66 x lO'- mole) and 3.82 g (4.44 x lO"- mole) respectively of methyl 
acrylatc degassed by an argon bubble through a stainless steel needle at 25 °C. The two 
mi.xtures were stirred under an argon atmosphere at 25*'C until homogeneous solutions were 
observed. The solution in the 1-neck flask was then transferred to the 3-neck flask with a 
stainless steel needle and degassed syringe. The flask was then placed into a 90" C oil bath. 
Kinetics samples were removed from the reaction through the argon adapter with a stainless 
steel needle and degassed syringe 



Sample 


Time (h) 


Conversion (%) 






MJM^ 


I 


0 


0 


1251 


805 


1.01 


2 


03 


6.85 


64800 


32900 


2.43 


3 


0,9 


15.56 


147000 


94800 


1-36 


4 


2.8 


34,03 


322000 


178000 


1.19 , 


5 


4.2 


. 44.02 


417000 


224000 


1.19 I 


6 


5.2 


54.17 


513000 


269000 


1.19 1 



Example 255 

Polymerization of St>'rcne from Hexakis(4-bromomethylphcnoxy)-cyclotriphospha2ene; 
To a 25 ml Schleok flask was added 88 mg (7.06 x 10'^ mole) of hexakis(4-bromo- 
mediylphenoxy)cycloiriphosphazene, 20 mg (1.42 x 10"* mole) copper bromide and 1 16 mg 
(2.84 X 10"* mole) di-4,4'-(5-nonyl)-2J2'-bipYridyl. The flask was covered with a rubber 
septum and tlic solids degassed by a 25''C vacuum (1 mm Hg) for 1 5 minutes. The flask was 
then filled with argon and 4.24 g (4.06 x 10"' mole) styrene and 6.93 g (4.07 x lO^- mole) 
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diphenyl ether (both degassed separately by a 25T argon bubble for 1 5 minuies) were added 
via degassed syringes and stainless steel needles. Tlie mixnire was stirred at 25 T for 30 - 40 
minutes at which time a homogeneous maroon solution formed. Tlic flask was then placed 
into a 105*C oil bath under a positive pressure of argon. Kinetics samples were removed 
through stainless steel needles into degassed syringes. 



Sample 


Time (h) 


Conversion (Vo) 








I 


0 


6.91 


4100 


840 


1.08 


2 


2.7 


19.75 


11800 


7886 


1.08 


3 


7.0 


34.12 


20500 


10200 


l.ll 


4 


12.0 


38.66 


23200 


12200 


1.10 


5 


23.5 


49.54 


29700 


13800 


1.07 


i 6 


33.6 


63.92 


38300 


14300 1 


1.07 ! 



Example 256 

Polymerization of Methyl Acry-late from Hexakis(4-(2-bromopropionyloxy- 
methyI)phenoxy)cyclotriphosphazene: To a 50 ml 3-neck flask filled with an argon 
adapter, reflux condenser and glass stopper was added 1 12 mg (6.64 x 10"^ mole) hexakis(4- 
(2-bromopropionyloxYmethyl)phenoxy)cyclotriphosphazene. The oxygen was removed from 
the vessel by a 1 mm Hg vacuum at 25 °C for 20 minutes after which argon was admitted to 
the vessel. Into a 25 ml round bottom I -neck flask was added 19mg(1.32x 10*^ mole) 
copper bromide. 108 mg (2.65 x 10 mole) di-4.4*-(5-nonyl)-2.2'-bipyridyl and 20 g (0.23 
mole) of methyl acrylatc. Tlic tlask was covered with a rubber septum and the contents 
degassed by an argon bubble through a stainless steel needle at 25 "C. Tlie copper bromide / 
di-4.4*-(5-nonyi)-2,2'-bipyridyl / mcdiyl acrylate was stirred under argon at 25*0 until a 
homogeneous solution was obtained. This solution was then transferred to the 3-neck flask 
with a stainless steel needle and degassed syringe. Tlic flask was tlicn placed into a 90 oil 
bath. Kinetics samples were removed from the reaction through the argon adapter with a 
stainless steel needle and degassed syringe. 
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1 Sample 


Time (h) 


Conversion (%) 








I 


0 


0 - 


1684 


1300 


1,01 




L4 


3.05 


28800 


10300 


1.34 


3 


4.0 


22.83 


217000 


21200 


1.26 


4 


9,1 


32.74 


311000 


32200 


1.36 


5 * . 


34.4 


37.17 


353000 


55700 


1.25 



Example 257 

Bulk Polymerization of n-Butyl Acrylate (Initiator = hexakis(4-(2- 
methylbromopropionyloxy)phenoxy) cyclotriphosphazene): A dry round-bonomed- 
schlcnk fiask was charged wiih CuBr(15.0 mg. 0.10 mmol) and 4,4^di(5-nonyi)-2.2^ 
bipyridine (85.4 mg. 0.21 mmol). The flask was sealed with a rubber septum and held under 
vacuum for 20 minutes lo remove cxygen. Degassed n-butyi acrylate Q3.3 ml. 0.16 mol) 
was then added to the flask under an argon atmosphere using degassed syringes and stainless 
steel needles, Tlie homogeneous soludon was infused witii 0,20 ml of a 0.17 M hexakis(4- 
(2-methylbromopropionyIoxY)phenoxy)cyclotriphospha2ene (3.5 x 10'^ mol) solution in 
benzene. The solution was degassed by sparging with argon for 20 minutes. Tlie septum was 
replaced with a glass stopper and the flask immersed in an oil bath held by a thermostat at 
90 "C. At timed intervals, the glass stopper was substituted for a rubber sepcum and two 
samples were withdrawn from the flask using a degassed syringe. One sample was added to 
deuterated chloroform for conversion measurements by NMR. while the other was dissolved 
in THF for molecular weight determination by SEC. 
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Time (h) 


Conversion 
(%) 


Mn, th. 


Mn,SEC 


Mw / Mn 1 

i 

1 
1 


i I 


0 


0 


L700 


1200 


1.05 i 


2 


0.3 


0 


1.700 


7J00 


1.54 1 


1 3 


0.8 


3.4 


20.400 


8.400 


1.70 1 




1.8 


4.3 


25.900 


9.500 


2.04 1 


i 5 


3.8 


8.1 


48.700 


24.600 


1.40 1 


i 6 


8.4 


16.8 


101.000 


45.900 


1.67 1 


1 7 


13.9 


31.8 


191,000 


57.400 


2.37 



Inorganie/Organic Polymers 
Siloxane Cube End Groups 
Example 253 

Preparation of siloxane cube initiator: 0.265 g (1.1 .\ 10"^ mol) of aliyiO-bromopropionatc 
was dissolved in 10 ml dry THF and mixed in a 50 ml two necked round bottom flask 
equipped with a septum and a rcllu.x condenser under aa argon aunosphere. 291 (2.77 x 10'* 
mol) of Karstedt catalyst in a xylene solution was added. 1 g (I.l x 10"* mol) I-hydrido- 
3,5.7.9,1 M 3.1 5-heptacyclopentylpentacyclo[9.5.1.P-M'-'M^-"] octasiloxanc in 2 ml of try 
THF was added slowly to the mixture. Tlie mixture was then heated under reflux for 24h. Tlae 
THF was evaporated. 

Polymerization using siloxane cube initiator: 72 mg (5 x lO"* mol) CuBr. 408 mg U x 10'^ 
mol) 4.4'-di-t-butyl-2,2*-dipyridincand 5.0 g (0.048 mol) siyrene were mixed in a 10 ml 
round bottom flask under an argon atmosphere. The solution was degassed by frcczc-pump- 
ihaw cycles three times. The solution was heated at 90*'C for 2 min and then 0.554 g pxlC 
mol) modified silsesquioxane were added. The flask was placed in an oil bath at 90**C. 



Polysiloxane Copolymers 
gxample ^$0 
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Preparation of Polysiloxane Macroinitiator: 3.41 g(1.65x 10*^ moi) aIlyI-2- 
bromopropionaie solved in 25 ml dry THF were mixed in a 50 ml two necked round bottom 
flask equipped with a septum and a rctlux condenser under an argon atmosphere with "^9 1 
(2.77 X 10'^ mol) FCarscedt cataiysaicr in xylene solution. 0.991 g (4.12 x 10*^ mol) '^ 4 6 8- 
leu-amethylcyclosiloxane in 5 ml iry THF were added slowly to the mixture. The mixture was 
heated under reflux for 1 8 h. The THF was evaporated. 

Example 261 

Polymerization of Styrene using Polysiloxane Macroinitiator: 72 mg (5 x 10"" mol) 
CuBr. 408 mg (1 x 10*^ mol) 4.4*-di-t-butyl-2.2^dipyridinc and 5.0 g (0.048 mol) styrene 
were mixed in a 10 ml round bottom tlask under an argon atmosphere. The solution was 
degassed by freeze-pump-ihaw cycles three times. The solution was heated at 90*C for 2 
min and then 0.588 g (5 x 10"" mol) of macroinitiator. Example 261, were added. The tlask 
was placed in an oil bath at 90° C. 

Example 262 

PolY(dimethylsiloxane) Macromonomers: In a nitrogen filled dry box a 25 ml round- 
bottom flask was charged with 4.75 g (2.14 x lO'- mole) hexamethylcyclotrisiloxane and 3.2 
ml THF. To this was added 0.99 ml (1.58 x 10'^ mole) n-butyllithium (1.6 M solution in 
hexanes) at 25°C. The reaction was stirred for 35 minutes at which time 0.40 ml (1 .74 x 10'^ 
mole) 4-(chlorodimethylsilYleihyl)slyrene (m.p-isomeric mi.xiure) was injected into the tlask 
producing a white precipitate within 60 seconds. The flask was removed from the glovebox 
and the solvent evaporated. The flask was charged with 20 ml ether and precipitated into 300 
mis methanol producing a stable suspension. The volume was reduced to 60 mis where the 
suspension settled to a separate phase below the methanol. Tlie lower phase was separated 
from the methanol and dried at 60" C in a vacuum oven overnight. Yield = 35%. 'H NMR 
(CDClj): 6 = 6,9 - 7.4 (m, 4H), 6.6 - 6.8 (m, IH), 5.6 - 5.9 (m. IH), 5.2 - 5.4 (m, 1H),2.6- 
2.8(m), 1.3- 1.5(m), 1.2 - 1.3 (m), 0.8 - 1.0 (m), 0.6 (t, 3H), 0.1 (s, 6H). K, (SEC) = 1540, 
M,yM„ = 1 .30; M„ ('H NMR) = 4560. 
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Example 261 

Poly(dimethylsiloxane) Macroinitiators: In a nitrogen filled dry- box a 1 0 ml round boaom 
flask was charged with 0.94 g (4.23 x 10*^ mole) hexamethylcycloirisiioxane and 0.6 ml 
THF. To this was added 0.20 ml (3.20 x 10^ mole) n-butyllithium ( 1 .6 M solution in 
hcxancs) at 25 "C. The reaction was stirred for 46 minutes at which time 0.23 ml (9.30 x lO'' 
mole) ((chloromethyl)phenYlethyl)dimcthylchlorosilanc (m.p-isomeric mixture) was injected 
into the flask producing a white precipitate within 10 seconds. The flask was removed from 
the glovebox and diluted to 8 mis with THF producing a homogeneous solution. The 
solution was precipitated into 150 mis hexane and the mixture filtered through a 0.2 am 
syringe filter. The solvent was removed from the filtrate by rotar>' evaporation and the 
remaining clear, colorless liquid dried at 60°C m a vacuum oven overnight. Yield = 74%. 
'H NMR (CDClj): 6 = 7.1 - 7.3 (m), 6.2 (m), 5.7 (m). 4.6 (m. 2H). 2.7 (m), 2.2 (m). 1.3 (m), 
0.9 (m). 0,6 (I. 3H). 0.1 (s, 6H). M„ (SEC) - 1990. M.,yM„ = 1.20: M„ ('H NMR) = 1770. 
The initiator in the above e.xperiment can also be a mono- or multifunctional alkoxide or 
siianolate. For example, reaction of dilithio salt of bisphenol A with hexamethyl- 
cyclotrisiloxane in THF or a THF/toluene mixture followed by termination with 
((chloromcthyl)phcnylethyl)dimeihYlchlorosilane and an analogous work up could yield a 
difunctional PDMS initiator. 



Example 264; 

Poly(dimethylsiloxanc) Polymeric Brushes: To a 5 ml round bonom flask was added l.Og 
(4.14 X 10 '' mole) styrcne terminal poly(dimethylsiloxane) macromonomer. 0.60 g (3.36 x 
10-* mole) benz\'l chloride terminal (poly(dimethylsiloxanc) macro initiator. 3.3 mg-(3.33 x 
10-^ mole) and 28 mg (6.83 x lO'* mole) di-4,40-(5-nonyl-2,20-bipyridyl. The flask was 
covered with a rubber sepmm and degassed under a I mm Hg vacuum for 15 min. at 25** C. 
the flask was filled widi argon and placed into a HO^-C oil bath. The reaction was run for 
43.5 hours The reaction displayed an increased viscosity at that time. SEG (vs. linear 
polystyrene standards) was bimodal indicating that some of the macromonomer was not 
totally consumed: M„ (M,yM„) 12,400(1.35), 1882(1.19). Conversion of macromonomer to 
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to polymer was 78% as determined by the relative heights of the high and low molecular 
weight polymer peaks on the SEC chromatogram. 

Polyphosphazene Copolymers 
Example 265 

Po[y(dichlorophospha2ene) (prepared by either ring opening polymerization of 
hexachlorocyclotriphosphazene or cationic polymerization of trichlorotrimethylsilvl- 
phosphoranimine) is substituted at phosphorous by reaction with glycidyl-2-bromopropionate 
(or glycidyl-2-bromoisobuiyrate) in THF. Polymerization of styrcncs, acrylates. and 
methacrylates in the presence of 1% (mole relative to monomer) copper bromide, 2% (mole 
relative to monomer) di-4.4^(5-nonyl)-2.2^-bipyridYl (or 1% (mole relative to monomer i 
N.N.N\N\N"-pentamethyldiethylenetriamine) in bulk or solution (dimethoxybenzenc or 
diphcnyl ether) at 80 - I lO^C under conditions where the reaction is degassed by arcon «as 
bubble purges through a stainless steel needle in a flask covered with a rubber septum affords 
the desired graft copolymers. If substitution of poly(dichlorophosphazene) is quantitatively 
achieved with glycidyl-2-bromopropionate (or glycidy!-2-bromoisobutyrate) followed by 
polymerization a polymeric brush results. If poly(dichlorophosphazene) is first substituted 
with a non-initiating moiety such as trifluoroethoxy group followed by complete reaction 
with clycidyl-2-bromopropionate (or glycidyI-2-bromoisobut%Tate), polymerization from the 
initiating site will result in a graft copolymer with grafts randomly distributed along the 
polyphosphazene backbone. 

Glycidyl-2-bromopropionate (or glycidyl-2-bromoisobutyrate) is prepared by reaction of 
glycidol with 1.2 mole equivalents of 2-bromopropionyl bromide (or 2-bromoisobutyryl 
bromide) and 1 .2 mole equivalents of triethylamine (or pyridine) in THF at O'C. Tlie 
product is isolated by extraction of the reaction three times from a saturated sodium 
bicarbonate / ether mixture followed by extraction from de ionized water. After removal of 
.solvent, the product is purified by distillation or column chromatography. 

Modification of Surfaces 
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Fxample 266 

Trialkoxysilane Method: Tlie silica panicles were activated by heating in a vacuum at 
200 °C for 48 h. After this treatment they were stored under an dr>' inert gas atmosphere. 5 c 
activated silica was mixed with 80 ml dry toluene in a 250 mi Schlenk flask equipped with a 
reflux condenser under an argon atmosphere. Ig (3.63 x 10'^ mol) ((chloromethyl)- 
phenylethyi)-trimethoxysilane was added to the mixture and it was stirred for 48 h under 
reflux. The toluene was evaporated and the silica was dried at 50 "C in vacuo for 24 h. The 
product was extracted with methanol in a Soxlett apparatus during 24 h. The product was 
dried at 50°C in vacuo for 24 h. 

Example 2$7 

Chiorosilane Method: Silica panicles were activated by hcadng in a vacuum at 200 C for 
48 h. After this treatment they were stored under an dr\' inen gas atmosphere. 5 a activated 
silica was mixed with 80 ml dry toluene in a 250 ml three necked round bottom flask flask 
equipped with a reflux condenser and a dropping funnel under an argon atmosphere. Ig (4.04 
X 10"^ mol) ((chloromethyl)phenylethyl)dimethylchlorsilane solved in 10 ml dr>' toluene was 
added slowly to the mixture and it was stined for 24 h under reflux. The toluene was 
evaporated and the silica was dried at 50* C in vacuo for 24 h. The product was extracted 
with methanol in a Soxlett apparatus during 24 h. The product was dried at 50"C in vacuo 
for 24 h. 

Example 268 

Catalyst support: Silica panicles were activated by heating in a vacuum at 200° C for 48 h. 
After this treatment they have to be stored under an dry inen gas atmosphere, 5 g activated 
silica was mixed with 80 ml dry toluene in a 250 mi Schlenk flask equipped with a reflux 
condenser under an argon atmosphere. Ig (3.76 x 10*^ mol) N'-[3-{trimcthoxysilyl)- 
propyljdiethylenetriamine was added to the mixture and it was stirred for 48 h under reflux. 
The toluene was evaporated and the silica was dried at 50 C in vacuo for 24 h. The product 
was extracted with methanol in a Soxlett apparatus during 24 h. The product was dried at 
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50"C in vacuo for 24 h. Loading of the surface analyzed with thermogravimetric analysis: 
0.59 mmol ligand per gram panicles.- 

Exampl? 2g? 

Polymerization of styrene using silica supported catalyst: 7.2 mg (5 x 10"^ mol) CuBr 
340 mg modified silica and 5.0 g (0.048 mol) styrene were mixed in a 10 ml round boaom 
flask under an argon atmosphere, Tlie solution was degassed by freeze-pump-thaw cycles 
three times. The solution was heated at 90^C for 2 min and 9.3 mg (5 x lO"^ mol) U 
bromoethylbenzens were added. Tlie flask was placed in an oil bath at 90 C. The reaction 
kinetics were followed by GC and the evolution of molecular weight bv SEC. 



Timefmin^ 


Conversion f%) 






31 


2.1 


32,500 


2.3 i 


1 60 


6.1 


56.100 


2.6 1 


1 99 


12.3 


64.500 


2,8 1 


130 


16.1 


56J00 


3.4 1 


193 


22.9 


89.900 


2.5 1 


344 


40.0 


66.500 


3.6 1 



FormationofMacroinitiators by Radical Polymerization 
Example 270 

Synthesis of 2,2' .\zofais [2-methyl-N-(2-(2-bromoisobut>'ryloxy)-ethyl) propionamide| 
= (AMBEP); Under argon. 2 bromoisobutyryi bromide (5,63ml. 43,4mmol) was added 
dropwise to a stirring mixture of 2.2^.Azobis (2-methyl-N-f2-hydroxyechyl).propionamidc] 
(5.00g, 17.3mmol) and trielhyiamine ( 6.02ml. 43.4mmol) in 150 ml CHClj. The reaction 
was cooled in an ice bath. After the complete addition of the acid bromide, Ih, the reaction 
was stirred at r.t. for 3h. The reaction mixture was washed with water (150mL 3X). then 
dried over MgSOj. Evaporation of CHClj gave a yellowish solid. This solid was 
recr\'stallized with ethyl acetate. Yield 3.j5g (44.1%) 
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Preparation of Polystyrene Macroinitiator (7-96-2): The homopolymcrization of styrene 
was performed in a sealed tube. Typical copolymerization was carried out as follows; To a 
glass tube. 76.4mg (! .74 x 10"^ mole) AMBEP. was weighed under ambient atmosphere, i ,0 
ml (1.74 X 10*- mole) deaerated styrene was added using syringe under argon atmosphere. 
After three freeze-pump-thaw cycle, the glass tube was scaled under vacuum and the reaction 
mi.xture was heated at 90'*C for 5 hours. The reaction mixture was dissolved in THF and 
then precipitated in methanol. M„(SEC) = 79,000 and M,yM„(SEC) = 2.05 



Example 272 

Block copolymerization using polystyrene macroinitiator with other monomers: The 
copolymerization was pertbrmed in a scaled tube. To a glass tube. 0.0500g (6.25 \ 10"' mole) 
prepared polystyrene macroinitiator (V.96-2). 0.0200g (6.97 x 10'^ mole) CuBr and O.I 140g 
(l.39x 10"* mole) dNbipv were weighed under ambient atmosphere. 1 .0 ml (1.74 x 10-2 
mole) deaemted styrene, butyl acr>Mate, methyl acrvlate, or methyl methacn'latc was added 
using syringe under argon atmosphere. After diree freeze-pump-thaw cycles, the eiass tube 
was sealed under vacuum and the reaction mixture was heated at 90°C for 12 hours. The 
reaction mixture was dis.solved in THF and then precipitated in methanol. 



Monomer 


Reaction Time (h) 


! jVL (SEC) 




i Staninc P(Styrene) 




79000 


2.05 ! 


BA 


14.5 


208000 


1.72 . i 


MA 


3.25 


225000 


1.68 1 


MMA 


1,25 


288000 


2,41 


St 

Ta««— nnor^ ka^^ i i r 


5.5 


289000 


1.84 \ 



Temp = 90''C, Monomer = I ml, [CuBrL = (dNbipy], / 2 = 6.97 x 10"^ M, [polystyrenej, = 
6.25 X 10^ M. 



Example 27j 
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Synthesis of Difunctional Initiator 2,2'-A2obis(2-methyl-N-(2-(4- 

chIoromethyl)bcnzolyoxy}-ethYi) propinaraidei (AMCBP): Under argon. 4-chIoromethyl 
chloride (4.95 g, 26.9 mmol in 5ml CHCIj.) was added dropwise to a stirring mixture (it was 
not totally soluble initially) of 2.2^-Azobis [2-methyI-N-(2-hydroxycthyl)-propionamide 
(3.10g, lO.Smmol) and triethylamine (3.7 ml. 26.7 mmol) in 150 mi CHClj. The reaction 
was cooled in an ice bath. After the complete addition of the acid chloride, I h, the reaction 
was stirred at RT for 3h. The reaction mixture was washed with water ( I50ml, 3X). then 
dried over MgSOj. Evaporation of CHCIj gave yellowish solid. This solid was fresh filtered 
using silica gel and was recrystalized in ethyl acetate. Yield; 0.5g(ll%) 



Example 274 

Preparation of Poly(vinyl acetate) macroinitiator: Homopolymerization of vinyl acetate 
was performed in a sealed tube. To a glass tube. 0,1 18g ( 2.71 x 10"^ mole ) AMCBP, was 
weighed under ambient acmosphere. 5 .0 ml ( 1 .74 x 1 0'- mole) deaerated vinyl acetate and 
5.0ml benzene were added using syringe under argon atmosphere. After three freeze-pump- 
thaw cycle, the glass tube was sealed under \*acuum and the reaction mixture was heated at 
90**C for 5 hours. The reaction mixture was dissolved in THF and then purified using 
dialysis. 

Rxample 775 

Poly(dimethylsiloxane) Polymeric Brushes: To a 5 ml round bottom flask was added l.O g 
(4.14 X 10"^ mole) styrene terminal poly(dimethylsiloxane) macromonomer (M^ = i 540, 
MJM„ = 1 J), 0.60 g (3.36 x 10'^ mole) benz>-l chloride terminal poly(dimethylsiloxane) 
macroitutiator(M„ = 1770, .VI,yM„= 1,2), 3.3 mg (3.33 x lO'* mole) and 28 mg (6.83 x 10'* 
mole) di-4,4*-(5-nonyl)-2,2'-bipyridyI, The flask was covered with a rubber septum and 
degassed under a I mm Hg vacuum for 15 min. at 25 "C. Tlie flask was filled with argon and 
placed into a 1jO°C oil bath. The reaction was run for 43.5 hours. The reaction showed 
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increased viscosiry at that time. SEC (vs. linear polystyrene standards): M„(M,yM„) 12,400 
(1.35), 1880 (1.19) (Residual macromonomer/ macrotnitiacor). Conversion of 
macromonomer lo polymer was 78% as determined by the relative heights of the high and 
low molecular weight polymer peaks on the SEC chromatogram. 

Reverse ATRP of styrene w/BPO 
Example 276 

Bulk Polymerization of styrene using BPO/Cu(I)Br/dNbpy: copper (I) bromide (6.5 mg). 
4,4'Kli(5-nonyl)-2.2— bipyridine (37.1 mg;. styrene (0,5 ml) and BPO (5.5 mg) were charged to 
a dry glass mbe. A stir bar was added and the contents of the mbe was degassed by trcezc-pump- 
ihaw (3X). The tube was then scaled under vacuum and placed in an oil bath thetmostaned at 
1 10**C. The tube was removed from the oil barh after Ih and opened and the contents dissolved 
in THF. The conversion was determined by gas chromatography (conversion = 0.43) and 
molecular weight by SEC (M„ = 1 1,200, MJM^ = 1 .22) 

Use of linear amines with Cu(0) 

Example 277 

Bulk Polymerization of .styrene using Cu(0)/Cu(I)Br/PMEDA: copperfOl (1.2 mgj, 
ccpper(I) bromide (5.2 mg), PMEDA (7.6 ul). styrene (2.0 ml) and I-phenylethyl bromide 
(24.8 ml) were charged to a dry glass tube. A stir bar was added and the contents of the tube 
was degassed by freeze -pump-thaw (3X). The tube was then sealed under vacuum and 
placed in an oil bath thermostatted at 1 1 0**C. The tube was removed from the oil bath after 
2.25 h and opened and the contents dissolved in THF. The conversion was determined by 
gas chromatography (conversion = 0,67) and molecular weight by SEC (M„ = 5.450. M^/M„ 
= LIO) 



Example 278 
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Bulk Polymemation of MA using Cu(0)/Cu(I)Br/PMEDA: copper(O) (0.9 mg), copper(I) 
bromide (4.1 mg), PMEDA (6,0 ul). MA (3.0 ml) and ethyl 2-bromopropinonatc (18.6 ui) 
were charged to a dry glass tube. A stir bar was added and the cements of the tube was 
degassed by freeze-pump-thaw (3X). The tube was then sealed under vacuum and placed in 
an oil bath thermostatted at QO^'C. The tube was removed from the oil bath after 1 h and 
opened and .the contents dissolved in THF. The conversion was determined by gas 
chromatography (conversion 

=0.78) and molecular weight by SEC (K, = 12.500, M^/M„ =1.14) 
E xam ple 279 

Bulk Polymerization of MMA using Cu(0)/CuBr/PMEDA: coppcr(O) (0.9 mg). copperd) 
bromide (4.0 mg), PMEDA (6.0 ul). MMA (3.0 ml), anisol (3.0 ml) and p-toluene sulfonyl 
chloride (26.7 mg) were charged to a dn' glass mbc. A stir bar was added and the contents of 
the tube was degassed by freeze-pump-thaw (3X). The tube was then sealed under vacuum 
and placed in an oil bath thcrmostaned at 90°C. The tube was removed from the oil bath 
after 3.5 h and opened and the contents dissolved in THF. The conversion was determined 
by gas chromatography (conversion = 0.58) and molecular weight by SEC (N^ = 12.900, 
M,yM„=L23) 

Example 280 

Preparation of star polymers using DVB: Copper(l) bromide (1 1.2 mg), PMEDA (16.2 
ul). polystyrene-Br macroinitiator (M„=2.560. M^yM„= 1 .20. 200 mg). anisol ( 1 .0 ml) and 
divinyl benzene (120 ul) were charged to a dry glass tube. A stir bar was added and the 
contents of the tube was degassed by freeze-pump-thaw (3X). The tube was then sealed 
under vacuum and placed in an oil bath thermostatted at 90 °C. The tube was removed from 
the oil bath after 5 h and opened and the contents dissolved in THF. Molecular weight of 
final polymer was determined by SEC against linear scyrcnc standards (M^ = 15.200. M^/M„ 
= 1.80) 

Example 281 
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Model study of bromoacetonitrile: A stock solution of Cu(0Br/2dNbpy in coluenc was 
prepared in advance, the concentration of which was 8 x 10'' M, In a dry box, 1 .9ml of the 
stock solution was transferred with a syringe to a side-armed glass tube equipped with a stir 
bar and a UV probe, then diluted \Wth 2.9mi of degassed toluene. The glass tube was taken 
out of the dry box thereafter and protected with a nitrogen flow, A certain amount of 
degassed bromoacetonitrile (BAN) was introduced to the glass uibe through the side ami. At 
the same moment, UV measurement of the copper (I)/(II) complexes was begun to monitor 
the generation of Cu(ni)Br2 in the system. The concentration of Cu(H)Br, was calculated 
based on its absorbance at 750mn. The reaction conditions and the results are summarized in 
the following table. The conversion refers to the conversion of Cu(I)Br to Cu(II)Br,. 



Temp. CO 


[CuBrJ.CM) ! [BANUM) j time (sec) 


Conv. (%) 


20 


3 X 10-' 


0.6 1 35 33 


20 


3 X 10-^ 


9.6 X 10-^ 


30 


30 






3900 


33 


0 


3 X 10-' 


9.6 X 10-^ 


28 


30 








10800 


33 


-78 


3 X 10-^ 


9.6 X 10-^ 


120 


13 








900 


50 








3600 


100 



F.xample282 

Synthesis of the Macro initiator Po!y(2-(2risobutYryloxy)ethyl acrylate: In a 5 mL round 
bottomed flask. 0.01 13 gC5.9x lO'* mol). and 3.0 mL(0,0148 mol) trimethylsilyl protected 2- 
hydroxyethyl methacrylate were combined and the solution sparged with argon for 30 
minutes. In a 5 mL round bottomed flask, 0.0086 g(6.0x 10*' mol) CuBr and 0.0490 
g(l2.0xI0'' mol) dNbpy were combined and the flask was degassed by vacuum followed by 
argon backfill three times. The monomer solution was then cannula transferred in to the 
round bonom flask while stirring. The solution turned green immediately and dien returned 
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to a red color within 5 minutes. The flask was placed in an SO^C oil bath for 23 hours. A 
small samples was removed at that time for analysis by SEC and 'H NMR. Mn(SEC) = 
51.700, M,/M„ = 1.17 No peaks corresponding to the resonance of vinyl protons were visible 
by 'H NMR. The enure solution was immediately diluted with 15 mL dry THF. .A dr\' 100 
mL round bottom was charged with 2 g(0.035 mol) KF. 15 mL dry THF, 4.3 mL(0.035 mol) 
2-bromoisobutyryl bromide, and 0.09 mL of a 75 wt% solution of TBAF in water (2.6x 10"* 
mol TBAF). The polymer solution was transferred into a round bottomed flask containing 
the mixture and stirred over night. Upon addition of the polymer, the solution began to 
bubble. To ensure transesterification of all trimethylsilyl groups, 1.0 mL N(Et)j was added 
and the solution was stirred for an additionsd two hours. The sample was precipitated into 
watcr/mcthanol 50/50. redissolved in THF. precipitated into he.xanes three times, passed over 
neutral alumina and reprecipitated into hexanes. M„(SEC) = 51.800, M„/M„ =1.16 Yield 
was 64%. 

E?^amplc.283 

Synthesis of Bottle Brush Polymer (Styrene grafts): A 5 mL pear shaped flask was 
charged with 0.0052 g(0,036 mmol) CuBr. 0.0294 g(0.072 mmol) dNbpy, 0.0006 c(2.7x 10'* 
mol) CuBr-. and 0.124 g(0.9 mmol) dimeihoxybenzene and degassed by vacuum followed by 
argon backfill three times. A 5 mL round bottomed flask was charged with 0.025 g(0.09 
nunol) poly(2-(2-bromoisobutyryloxy)ethyl acrylate) (Mn(SEC) = 55,500. NVM„ = 1.3) and 
similarly degassed. Styrene (2.05 mL. 13 mmol) which had been sparged with argon for an 
hour was added via argon washed syringe to the pear shaped flask and the red/brown solution 
stirred for 30 minutes to ensure dissolution of all solids. The solution was then transferred 
via cannula into the round bottom flask and the flask was placed in an 80°C oil bath for three 
hours. The polymer was then precipitated into methanol twice (once from THF) and a white 
powder was obtained. Small samples removed before caiuiula transfer and after three hours 
at 80°C indicated 13 % conversion by GC. M„(SEC) = 237.000, MJM„ = 1 .3 1 . 

Effect of Salt 
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Bulk Polymerization of Styrcne/l-Phenyletfayl Broinide/Cu(I)Br: A dry long giass-tube 
was charged with CuBr{13 mg, 0.09 mmoi), 4,4'-di(5-nonyl)-2.2-bipyridine (74.6 mg, 0.18 
mmol), tetrahexylammomum bromide (Hex^NBrSQ.S me, 0.09 namol), 1-phenylethyl 
bromide (12.4 ^l, 0.09 mmol), styrcne ( I ml, 8.7 mmoi), and a magnetic stir bar. The class 
tube was degassed by three freeze -pump-thaw cycles and was then sealed by flame. The 
glass lube was immersed in an oil bath thermostatcd at 1 IO°C. After a certain time, the glass 
tube was taken out and broken. 



The sample was dissolved in THF to measure conversion (GC) and molecular weight (SEC). 





Time 


Conv. 








Without 


5.43 h 


67.8% 


6780 


5520 


1.15 


With HeX,NBr 


5.43 h 


20,2% 


2020 


700 


3.60 



Example 285 

Synthesis of Poly((styrene-co-acryIonitrile)-b-butYl acrylate-b-(styrene-co- 
acrylonitrile)): To a 10 ml round bottom flask, 0.2200g (6.88 x 10"* mole ) prepared 
poly(bucyl aery late) difiinctional macroinitiator. 0,0059g (4.14.x 10' mole) Cu(I)Br and 
0.0338g (8.27.x 10"^ mole) dNbpy were weighed under ambient atmosphere. 1.50 ml (1 .3 1 .x 
10*^ mole) deaeratcd styrcne and 0.5ml (7.60 x 10'^ mole) dcaeratcd acrylonitrile were added 
to the round bottom flask using syringe under argon atmosphere. The reaction mixture was 
passed over neutral alumina and the solvent was evaporated under vacuum. MP(SEC) 
increased to 40.2K from 29.6K (poly(butyI acrylate) macroiniuator), 19.2 mol-% of styrene 
and I L2mol-% of acrylonitrile were incorporated in copolymer. ('H-NMR) 

E;^amplg 28$ 

Preparation of poly(acrylonitrile) macroinitiator: To a 100 ml Schlenk flask, 0.71 18g 
(4.56 X 10*^ mole) bipyridyl, 0.2179g (1.52 x 10*^ mole) Cu(l)Br and 50g of ethylene 
carbonate were weighed under ambient atmosphere. The Schlenk flask was connected to 
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vacuum line. The atmosphere inside the Schlenk flask was changed with argon by applyinc 
vacuum and argon alcemativeiy three times. 20.0 ml (0.304 mole) deaerated acnionitrile was 
added to the Schlenk flask using syringe under argon atmosphere. The Schlenk flask was 
placed into the oil bath set at T=64''C and was heated at for 1 .5 hours. The reaction mixture 
was precipitated in methanol, iM„('H-HMR) = 2240 and M,yM„{SEC) = 1.10 

Example 287 

Block copolymerization using poiY(acrylonitrile) macroinitiator with methyl acrylatc: 
To a 50 ml Schlenk flask, 0.2729g (1.75 x 10'^ mole) bipyridyl. 0.0370g (5.28 x lO"* mole) 
Cu(0), 0.0260g (1.16 X lO"* mole) Cu(H)Br and lO.OOg of ethylene carbonate were weighed 
under ambient atmosphere. The Schlenk flask was connected to vacuum line. The 
atmosphere inside the Schlenk flask was changed with argon by applying vacuum and areon 
alternatively three times. 4.0 ml (4.44 x 10"" mole) deaerated methyl acrylate was added to the 
Schlenk flask using syringe under argon atmosphere. The Schlenk flask was placed into the 
oil bath set at T=90°C and was heated at for 16 hours. The reaction mixture was diluted with 
DMF and precipitated in methanol. M„ ('H-NMR) = 14,300 and M,yM„(SEC) = 2.03. 78.7 
mol-% of methyl acrylate was incorporated. ('H-NMR) 

E.xampie 288 

Synthesis of Tris (2-(N-dimethylamino)ethyl)amine(Tren-iVIe): To a stirred solution of 
formic acid (1 3.7 ml) at 0 **C was added dropwise TREN (2.0 ml), followed by the addition 
of aqueous formaldehyde (12,0 ml). The solution was refluxed for 24 h and then 
concentrated in vacuo. The yellow residue was cooled in an ice bath and aqueous HaOH 
solution (5.0 N) was added to make the resulting solution pH = 11-12. The solution was 
extracted with CHjCli twice. The combined organic phase was washed with brine, dried over 
Na,S04, filtered and concentrated in vacuo to give a yellow liquid which was used without 
further purification. Characterization: 'H NMR (300 MHZ, CDCI 3) 2,6 (t, 6H). 2.38 (t, 6H). 
2.2 (s, 18H). 

Example :?89 
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Tris(2-(N, N-dimethylanibo)ethvl)ainine as ligand for Cu(I)Br ATRP of styrene: Bulk 
Polymerization of styrene using l-PEBr/CuBr/Tren-Me: copper (i) bromide (13 mg), Trcn- 
Mc (24.6 ul), styrene (I.O ml) and l-PEBr (12.4 ul) were charged to a dry glass tube. A stir 
bar was added and the concents of the tube was degassed by freeze-pump-thaw (3X). The 
tube was then sealed under vacuum and placed in an oil bath thermostatted at I lO^C. The 
tube was removed from the oil bath after I h and opened and the contents dissolved in THF. 
Conversion = 0.43. Mn = i 1,200, M7M„ = L22. 

Example 290 

Tris(2-(N, N-dimethyiamino)ethyl)aminc as ligand for Cu(I)Br ATRP of methyl 
Acrylate: Bulk Polymerization of MA using 2-EBP/CuBr/Tren-Me: copper { I) bromide (6.8 
mg). Tren-Me (13 ul), MA (1.0 ml) and ethyl 2-bromopropionatc (6.2 ul) were charged to a 
dry glass lube. A stir bar was added and the conienis of the tube was degassed by freeze- 
pump-thaw (3X). The tube was then sealed under vacuum. After stirring for 1 5 min at room 
temperature, the tube was opened and the contents dissolved in THF. Conversion = 0.85, M„ 
= 21.000, M,yM„= 1.17. 

E?tamplc 291 

TrLs(2-(N, N-dimethylamino)ethyi amine as ligand for Cu(I)Br ATRP of Methyl 
Methacrv'late: Solution Polymerization of MMA using 2-EBiB/CuBr/Tren-Me: copper (I) 
bromide(6.6 mg). Tren-Me (12.S ul), MMA (1.0 ml), anisole (1.0 ml) and ethyl 2- 
bromoisobutyrate (6.9 ul) were charged to a dry class tube. A stir bar was added and the 
contents of the tube was degassed by freeze-pump-thaw (3X). The tube was then sealed 
under vacuum. The tube was then scaled under vacutmi and placed in an oil bath 
themiostatted at TO'^C. The tube was removed from the oil bath after Ih and opened and the 
contents dissolved in THF. Conversion 0.50. M„ = 1 3.400, M^/M„ = 1 .32. 

E^MpIc 292 
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Synthesis of DETA-BU [(Bu),NCH:CH:N(Bu)CHjCH2(BU),I: To a stirred solution of 
ethylene triamine ( 1 .0 ml) in dry MEOH (40 ml) at OX was added dropwise but\'aldehyde 
(6.05 ml). The solution was allowed to stir for 10 min, then NaCNBH' (1.0 g) was added in 
small ponions. The resulting solution was allowed to stir for 4 h at 0**C, maintaining pH=6-7 
by the occasional addition of glacial acetic acid. Afterwards, concentrated HCI was added 
until pH=l2, and the solution was concentrated. The residue was taken up in water (50 ml) 
and extracted with ether. The aqueous phase was brought up to pH= 1 1-12 with solid NaOH 
and extracted with cdicr. The combined organic phase was washed with brine, dried over 
Na,S04. filtered and concentrated in vacuo to give a light yellow liquid which was used 
without further purification. 

Characterization: 1HNMR(300 MHZ, CDC 1,) 2.4-2.5 (m. 18H\ 1.2-1.4 (m, 20HL 0.9 (t, 
15H). 

Example 293 

Solution Polymerization of MMA using BPN/CuBr/DETA-Bu: copper (1) bromide (3.3 
mg). DETA-BU (10.0 ul), MMA (1,0 ml), anisole (1.0 mi) and 2-bromopropioniirile (4.0 ul) 
were charged to a dry class tube. A stir bar was added and the contents of the tube was 
degassed by freeze-pump-thaw (3X). The tube was then sealed under vacuum. The tube was 
then sealed under vacuum and placed in an oil bath thenmostarted at 90 ^'C. The tube was 
removed from the oil bath after 1.5 h and opened and the contents dissolved in THF. 
Conversion = 0.80. M, I7Ji00, M„yM, = 1.28. 

Example 294 

Solution Polymerization of acrylonitrile using 2-bromopropionitrile/Cu(I)Br/ 
Hexamcthyltriethylenetetramine: copper (1) bromide (11. 6 mg), 
hexamethyltrielhylenetetramine (22.0 ul), aciylonitrile (1.0 ml), DMF (1.0 ml) and 2- . 
bromopropionilrile (6.9 ul) were charged to a dry glass tube. A stir bar was added and the 
contents of the tube was degassed by freeze-pump-thaw (3X). The tube was then sealed 
under vacuum. The tube was then sealed under vacuum and placed in an oil bath 
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thermostacted at 50 **C. The tube was removed from the oil bath after 5 h and opened and the 
contents dissolved in DMF. Conversion = 0.42, = 7.860, MJM„ =1.19. 

Example 295 

Mass Spectroscopic analysis of poly(isobuteQe-alt-butyl acrylate) copolymers: The 
isobulene/butyl acrylate copolymers were analyzed by 'H NMR, MALDI and ESI -MS. 'H 
NMR data gave basic compositional information about the copolymers, while MALDI and 
ESI-MS were used to probe the structure of the samples in more depth; 

Experimental conditions : 

MALDI-MS fFigure 9^ : A 10"* M solution of the copolymer was made up in THE. This was 
mixed with dithranol (O.IM .solution in THF") in a 25:35 volumetric ratio, prior to beina 
sponed on the MALDI slide. 

ESl-MS ^Figure iOV 1 mg of copolymer sample \vas dissolved in a 50:50 DMF:THF mixture 
which gad been doped with 10 |il of a saturated NaCl solution (in ETOH) per ml of analytc 
solution. Tlie samples were infused tot he mass spectrometer at a flow rate of 3 |il min''. 
Dissociation studies were conducted in ESI-MS to investigate the production of fragments. 
Dissociation energies typically used were 10%, 20%, 40%, 60%, 80% and 95%. 

Analysis of spectra: 

Peaks were analyzed on the basis of the formulae: 
[DEMM-IB„-BA^-Dr + Ha]' 

(DEMM-IB„-BA^-CH=CHC(0)OC4H, -J- Na] ■ (Unsaturated End Group) 

No unsaturation was observed in the ESI-MS data, however in MALDI spectra the peaks 

corresponding to HBr abstraction were the most intense. 
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Preparation of poIy(acrylonitrile-b-butyl acr\'iate-b-acrylonitriie): To a glass tube 0.004a 
(3.04 X 10-- mole) CuBr and 0.0248g (6.08 x 10-' mole) 4.4*-di(5-nonyl).2.2'-bipyridine were 
added. To a 5ml viaL O.jOOOg (1.06 x lO"* mole) of a.w-dibromopoly(butyl acn,'late) (M„= 
124,000; M,yM„ = 1,33: measured using SEC against linear polystyrene standards) and 2 ml 
(3.04 X 10'- mole) of acrylonitrile was added. Tliis solution was bubbled with Ar and then 
added to the glass tube by using a syringe under an argon atmosphere. .A.ftcr three frceze- 
pump cycles, the tube was sealed under vacuum. The tube was placed in an oil bath set at 
70 °C and heated for l,5h. The reaction mixture was dissolved in DMF and polymer was 
precipitated from solution by pouring into a methanol/ water mixture (50/50 v/v). SEC was 
performed on the diblock copolymer in DMF to obtain the polydispersit\' {M^JM^ = 1 .93). 
The obtained polymer was dried under vacuum overnight, and composition information {45 
mol% acr^-lonitrile) was determined by NMR in DMSO-d^. Molecular weieht of the block 
copolymer (H, = 225.000) was calculated based on M„ of macroinitiator and composition of 
the fmal polymer. 

Example 297 

Transformation of Bromine End Group to Hydrogen: Methyl acr>'iatc (5 ml. 55.5 mmol) 
was polymerized in ethylene carbonate (5g) using 2.2'-dipyridyl (515 mg, 3.3 mmol) / CuBr 
(157 mg, 1.1 nimol) as catalyst system and methyl-2-bromopropionate (0.3 ml. 2.6 mmol) as 
initiator. After stirring for 2 hours at 90"C. tributyltin hydride (2.1 ml. 7.8 mmol') was added, 
followed by a mixture of CuBr (70 mg, 0.5 mmol) and Cu(0) (150 mg, 2.4 mmol). The 
mixture w'as stirred for 3 hours more, then ic was diluted with THE and filtered over alumina. 
After precipitauon in hexane. the polymer was characterized by 'H-NMR and ESI 
spectroscopy. Complete replacement of the bromine end group by hydrogen was obser\'cd. 
ESI spectra of respectively the bromine terminated (pMA-Br, Na') and the hydrogen 
terminated polyme thy 1 aery late (pMA-H, Na* or H') are shown in Figures 1 1 and 12. 
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The preseni applicatioa is based upon Provisional U.S. Applicaiions Serial Nos: 
60/039,543 and 60/04 1 .620, tiled with the U.S. Patent Office on March 11. 1 997 and April 2. 
1997, respectively, the entire contents of which are hereby incorporated by reference. 

Obviously, additional modifications and variations of the present invention are 
possible in light of the above teachings. Jt is therefore to be understood that within the scope 
of the appended claims, the invention may be practiced otherwise than as specifically 
described herein. 
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CLAIMS : 

1. A controlled free radical polymerization process of atom or group transfer radical 
polymerization comprising the steps of: 

polymerizing one or more radically (co)polymcrizable monomers in the presence of a 
system initially comprising: 

an initiator having one or more radically transferable atoms or groups, 

a transition metal in its zero oxidation state which forms, in-sitii, a first transition 
metal compound that panicipates in a reversible redox cycle with the initiator, a dormant 
polymer chain end, a growing polymer chain end or a mixture thereof, and 

one or more N-. 0-. or S- containing ligands which coordinate in a o-bond or a 
7t-bohd to the transition metal, or any C containing compound which can coordinate in a k- 
bond to the transition metal, 

to form a (co)polymer. 

2. The process of claim 1. wherein said polymerizing is performed in bulk, in 
solution, in suspension, in emulsion, in a supercritical fluid or in the gas phase. 

3. The process of claim 1. further comprising isolating said (co)polymer. 

4. The process of claim I. wherein said system further comprises a second transition 
metal, which may be the same as or different from said first transition metal compound. 

5. The process of claim 4. wherein said second transition metal compound 
participates in a reversible redox cycle with the initiator, a dormant polymer chain end. a 
growing polymer chain end or a mixture thereof 

6. The process of claiim 5. wherein said second trcuxsition metal compound has a 
coun tenon that is different from said one or more radically transferable atoms or groups on 
said initiator. 
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7. The process of claim 5, wherein the one or more radically transferable aioms or 
groups on said initiator comprises bromine and wherein said second transition metal 
compound has a chlorine counterion. 

8. The process of claim 1. wherein said initiator has an iodine as radicallv 
transferable atom or group. 

9. The process of claim 5, wherein said trarosition metal compound has one or more 
counterions selected from the group consisting of non-radically transferable groups. 

10. The process of claim 9. wherein said non-radically transferable group is a 
member selected from the group consisting of unsubsli luted and substituted carboxvlates. 
ihophenecarboxylates. thiocyanates. inflates, phosphines. boranes, PF^, hexatluorophosphaic, 
nitrates, perchlorates. thiocarbamaics. phosphates, sulfates, losylates, acetylacetonaie and 
cyanides. 

1 1 . The process of claim 1 . wherein said one or more radically (co)polyrrierizable 
monomers is an AB* monomer, wherein A is a carbon-carbon double bond and B* is a 
functional group that call be transformed into an active site tor initiating polymerization of 
carbon-carbon double bonds. 

12. The process of claim 5. wherein said one or more radically (co)polymerizable 
monomers is an AB* monomer, wherein A is a carbon-carbon double bond and B* is a 
functional group that can be transformed into an active site for initiating polymerization of 
carbon-carbon double bonds. 

13. The process of claim 4. wherein said second transition metal-compound 
comprises a metal that has at least two stable oxidation stales, a higher oxidation state and a 
lower oxidation state, and wherein said metal is present in said higher oxidation state, such 
that upon reaction with said transition meial in a zero oxidation state, said metal of said 
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second iransition metal compound is reduced to the lower oxidation state to form a reduced 
metal conjugate of said second transition metal compound that participates in a reversible 
redox cycle with the initiator, a dormant polymer chain end, a crowing polymer chain end or 
a mixture thereof. 

14.. The process of claim 13, wherein said higher oxidation state is the highest stable 
oxidation state available to said metal of said second transition metal-compound. 

15. The process of claim 1. wherein the (co)polymer prepared has a degree of 
polymerization between I and 1 ,000,000. 

16. The process of claim 1, wherein said transition metal in the zero oxidation state is 
a member selected from the croup consisting of copper, iron, chromium, samarium, nickel, 
manganese, silver, zinc, palladium, platinum, rhenium, rhodium, iridium, indium and 
ruthenium. 

17. The process of claim 16, wherein said transition metal in the zero oxidation state 
is copper. 

IS. The process of claim 16. wherein said transition metal in the zero oxidation state 

is iron. 

19. The process of claim I, wherein said transition metal in the zero oxidation state is 
added in a form selected from the group consisting of a powder, a turning, a wire, a mesh, a 
film and an electrode. 

20. The process of claim L wherein said system and said one or more radically 
(co)polymerizable monomers are not purified prior to addition to the process. 



21. The process of claim 1. 



wherein said process is performed in the presence of air. 
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22. The process of claim 13. wherein iherc is a molar excess of said transiiion metal 
in the zero oxidation state relative to said second transition metal compound in the hieher 
oxidation state lowers the concentration of the transition metal complex in the hieher 
oxidation state such that said transition metal in the zero oxidation state lowers the 
concentration of the transition metal complex in the higher oxidation state and rccenerates 
the reduced metal conjugate. 

23. The process of claim 1. wherein the initiator is a monomeric initiator or a 
macro molecular initiator. 

24. A controlled free radical polymerization process of atom or croup transfer radical 
polymerization comprising the steps of; 

polymerizing one or more radically (co)polymerizable monomers in the presence of a 
system initially comprising: 

an initiator having one or more radically transferable atoms or groups, 

a transition metal compound having one or more associated counterioris, wherein said 
transition metal compound participates in a reversible redox cycle with the initiator, a 
dormant polymer chain end. a growing polymer chain end or a mixture thereof, wherein said 
one or more associated counterions are different from said one or more radically 
(co)polymerizable monomers: and 

one or more N-. or S- containing ligands which coordinate in a o-bond or a 

Tc-bond to the transiiion metaL or any C containing compound which can coordinate in a it- 
bond to the transition metal, 

to form a (co)polymer. 

' 25. A process for coupling of one or more molecules, comprising: 
providing one or more molecules, each containing one or more radically transferable 
atoms or groups; 

contacung said one or more molecules with a system comprising (a) at least a 
stoichiometric amount of a transition metal, relative to the total molar equivalents of said 

-206- 



wo 98/40415 PCTAJS98/04333 



one or more radically transferable atpms or groups, wherein said transition metal is in an 
oxidation state that can panicipate in a redox reaction with the one or more radically 
transferable atoms or groups: and 

one or more N-. 0-, or S- containing ligands which coordinate in a a-bond or a 
TC-bond to the transition metal, or any C containing compound which can coordinate in a tz- 
bond to the transition metal: 

to generate a free radical by transfer of the one or more radically transferable atoms oi 
groups from the one or more molecules to the transition metal complex allowing coupling of 
the one or more molecules to occur. 



26. The process of claim 25. wherein said one or more molecules is a first molecule 
having a single radically transferable atom or group, and wherein said couplina forms a 
second molecule having double the molecular weight of said first molecule after the 
molecular weight of said single radically transferable atom or group is subtracted from said 
molecular weight of said first mulccule, and wherein said second molecule no longer contains 
the radically transferable atom or group. 

27. Tlae process of claim 25, wherein said one or more molecules is a molecule 
having two radically transferable acorns or groups and whereby said process provides chain 
extension of said molecule. 



28. The process of claim 2i, wherein said one or more molecules is a first molecule 
A-<X)„ having one or more radically transferable atoms or groups (X) and wherein said 
process further comprises a rcactant molecule having radically reactive sites, such that upon 
removal of said one or more radically transferable atoms or groups from said first molecule, 
the resulting radical reacts with said reactant molecule to form a compound A-(X)„.^-(B)„ 
wherein B is the residue from the reactant molecule, n is the number of radically transferable 
atoms or groups and m^ n. 
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29. The process of claim 28. wherein said reactant molecule is a hydrogen transfer 

agent. 

30. The process of claim 29. wherein said hydrogen transfer agent is a member 
selected from the group consisting of thiols, silyl hydrides and tin hydrides. 

31. The process of claim 28. wherein said reactant molecule is a stable free radical. 

32. The process of claim 25, wherein said one or more molecules is a molecule 
having, on average, more than two radically transferable atoms or groups, and wherein the 
process produces a crosslinked compound containing units obtained from said molecule. 

33. The process of claim 25, wherein said one or more molecules have, on average, at 
least two radically transferable atoms or groups and wherein said transition metal is 
contained at least on a surface of a substrate, such that upon contact of said surface with said 
one or more molecules a coherent coating is deposited on said surface. 

34. The process of claim 25, wherein said transition metal is at least partially in a 
zero o.xidation state. 

35. The process of claim 34. wherein said transition metal is substantially completely 
in a zero oxidation state. 

36. The process of claim 25, wherein said one or more molecules comprise a first 
molecule that is a polymer having a radically transferable atom or group at one or more 
termini and a second molecule having a radically transferable atom or group, wherein the 
product so formed is the polymer bound to said second molecule at each reactive termini with 
removal of both radically transferable atoms or groups. 
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37. The process of claim 36. wherein said second molecule is a bi functional molecule 
having a radically transferable atom or group and a second flinctional croup, such that upon 
coupling with each reactive terminus of the polymer and the second molecule, the resulting 
polymer product has the second functional group at the termini. 

38. A controlled free radical polymerization process of atom or group transfer radical 
polymerization comprising the steps of: 

polymerizing one or more radically (co)polymerizable monomers in the presence of a 
system initially comprising: 

an initiator having one or more radically transferable atoms or croups, 

a first transition metal-compound which participates in a reversible redox cycle with 
the initiator, a dormant/growing polymer chain end or both. 

a second transition metal compound. 

one or more 0-. P-. or S- containing ligands which coordinate in a o-bond or a 
TC-bond to the first transition metal, or any C containing compound which can coordinate in a 
TC-bond to the first transition metal. 

to form a (co)polymer, 

39. Tlie process of claim 38, wherein said polymerizing is performed in bulk, in 
solution, in suspension, in emulsion, in a supercritical fluid or in the gas pha.se. 

40. The process of claim 38. further comprising isolating said (co )polymer. 

41 . The process of claim 38, funher comprising a third transition metal in its zero 
oxidation state. 

42. The process of claim 38. wherein said second transition metal compound is in.a 
redox conjugate oxidation state different from that of said firs: transition metal compound. 
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43. The process of claim 38. wherein said first and second cransicion meials are 
independently selected from the group consisting of copper, iron, manganese, magnesium, 
chromium. nickeL silver, palladium, ruthenium, samarium, zinc and rhodium. 

44. A controlled free radical polymerization process of atom or group transfer radical 
polymerization comprising the steps of: 

polymerizing one or more radically {co)polymerizable monomers in the presence of a 
system initially comprising; 

an initiator having one or more radically transferable atoms or groups. 

a transition metal-compound having one or more associated counterions that are non- 
radically transferable, wherein the transition metal compound panicipatcs in a reversible 
redox cycle with the initiator, a dormani/growing polymer chain end or both, 

one or more N-. 0-. P-. or S- containing ligands which coordinate in a o-bond or a 
7t-bond to the transition metah or any C containing compound which can coordinate in a k- 
bond to the transition metal. 

to form a (co)polymer. 

45. The process of claim 44, wherein the one or more ligands and counterions are 
chosen to form, along with the transition metal, a metal complex with monomeric structure 
when the transition metal is in a lower of at least two available oxidation states. 

46. Tlic process of claim 44. wherein the one or more ligands and counterions are 
chosen to form, along with the transition metal, a metal complex having more than one metal 
center. 

47. A controlled free radical poiymerizaiion process of atom or group transfer radical 
polvmcrization for the preparation of (co)polymcrs comprising the steps of; 

(a) initially polymerizing one or more radically (co)polymerizable monomers in 
the presence of a system comprising: 

an initiator having one or more radically transferable atoms or groups. 
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a transition metal-compound which participates in a reversible redox cycle with the 
initiator, a dormant/growing polymer chain end or both. 

one or more 0-. P-, or S- containing ligands which coordinate in a o-bond or a 
7t-bond to the transition metal, or any C containing compound which can coordinate in a tc- 
bond to the transition metal: to give a (co) polymer having a terminal radically transferable 
atom or group, wherein the terminal radically transferable atom or group may be the same as 
or different from the one or more radically transferable atoms or groups in the initiator: and 

(b) converting the 'terminal radically transferable atom or group into an atom or group 
different from said terminal radically transferable atom or group. 

48. Tlie process of claim 47. wherein said atom or group is a third radically 
transferable atom or group, which may be the same as or different from the one or more 
radically transferable atoms or groups in said initiator. 

49. The process of claim 47. further compnsing (c) adding a second different 
radically (co)polymcrizable monomer that adds to the terminus now bearing said third 
radically transferable atom or group, to provide a block copolymer. 

50. The process of claim 47. further comprising (c) adding a second different 
radically (co)polymerizable monomer in an amount sufficient to cap the crowing polymer 
chain ends and (d) subsequently adding a third radically (co)polymerizable monomer to 
provide a block copolymer having said second different monomer located between blocks. 

51. The process of claim 50, wherein efficient polymerization of said third monomer 
will not occur with said one or more radically polymerizable (co)monomers under the 
reaction conditions without the presence of said second monomer between said blocks. 

52. A controlled free radical polymerization process of atom or group transfer radical 
polymerization comprising the steps of: 
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polymerizing one or more radically (colpolymerizable monomers in ihe presence of a 
system initially comprising: 

an initiator having one or more radically transferable atoms or groups, 

a transition metal-compound that panicipates in a reversible redox cycle with the 
initiator, a dormant/growing polymer chain end or both, wherein the transition metal 
compound is, optionally, pariially or completely present in a zero oxidation state, and 

one or more ligands selected from the croup consisting of phosphines, phosphites, 
quinolines, picolines and non-heteroaromatic amines; 

to form a (co)polymer. 

53. The process of claim 52. wherein said one or more ligands are selected from the 
ijroup consisting of tri-n-butylamine, tri-n-ociylamine and mixtures thereof', 
lertaalkylethylenediamine. quinolines. picolines. pentamethyldiethylenetriamine. 
hexamcthyliriethylenetetraaminc. 2- {[2-fdimcihylamino)ethyI]-mcthylamino Methanol. iris(2- 
(dimethylamino)ethyl)amine and cyclic non-heteroaromatic amines, 

54. The process of claim 52. wherein said one or more ligands are selected from the 
group consisting of mono-and multidentatc phosphines and mono- and multidentate 
phosphites. 

55. A controlled free radical polymerization process of atom or group transfer radical 
polymerization comprising the steps of: 

polymerizing one or more radically (co)polymcrizablc monomers in the presence of a 

system initially comprising: 

an initiator having one or more radically transferable atoms or groups, 

a transition metal compound ha\*ing at least one counterion associated therewith. 

wherein the transition metal compound panicipates in a reversible redox cycle with the 

initiator, a dormant polymer chain end, a growing polymer chain end or a rnixttire thereof. 

and 
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one or more N-, P-. or S- concaininc ligands which coordinate in a a-bond or a 
7C-bond to the transition metal, or any C containing compound which can coordinate in a k- 
bond to the transition metal. 

wherein said at leasi one counterion, said one or more ligands or both are chosen to 
adjust the transition metal compound's soIubilit\\ reactivity or both: 

to form a (co)polymer. 

56. The process of claim 55. wherein said at least one counterion, said one or more 
ligands or both arc chosen to allow separation of the transition metal compound from the 
(co)polymer formed in the process. 

57. The process of claim 55. wherein said at least one counterion. said one or more 
ligands or both are changed into a different counterion. ligand or both after polymerization to 
allow separation of the transition metal compound from the (co)polymcr formed in the 
process. 

58. The process of claim 55. wherein said transition metal compound and said one or 
more ligands are present in a ratio of (transition metal compound):(total of said one or more 
ligands) from 1:10'^ to i:\Q\. 

59. Tlie process of claim 55. wherein said counterion and said ligand arc one in the 

same. 

60. Tlie process of claim 55, further comprising a transition metal in a zero oxidation 

state. 

61. The process of claim 55. wherein the polymerizing step is performed in bulk, in 
solution, in suspension, in an emulsion, in a supercritical fluid or in the gas phase. 
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62. The process of claim 55. wherein during said polymerization, the system is 
subjected to an applied electric potential to modify the redox potential of a transition metal 
complex formed from said transition metal compound and said one or more lieands. 

63. A multiftinctional polymerizadon initiator having at least one initiation site for 
atom or group transfer radical polymerization (ATRP) and at least one initiation site capable 
of initiating a non-ATRP polymerization. 

64. The multifuncdonal polymerization initiator of claim 63, wherein said non-ATRP 
polymerization is a polymerization process selected from the group consisting of cationic, 
anionic, free radical, metathesis, ring opening and coordination polymerizations. 

65. A process for the formation of a tclcchelic functional material, comprisinc: 
coupling two or more molecules, which may be the same or different, wherein each 

molecule has a radically transferable aton: cr group at one terminus and a non-radically 
transferable functional group at a second terminus, wherein the coupling is performed by 
reacting said two or more molecules in the presence of: 

at least a stoichiomeuic amount of a zero oxidation state transition metal, relative to 
the molar amount of said radically transferable atom or group: and 

one or more N-. 0-, P-. or S- containing ligands which coordinate in a o-bond or a 
Ti-bond to the transition metal, or any C containing compound which can coordinate in a it- 
bond to the transition metal: then 

isolating the telechelic functional material. 

66. The process of claim 65, wherein said reacting of said two or more molecules is 
further performed in the presence of a transition metal compound which can panicipate in a 
reversible redox cycle with said radically transferable atom or group. 

67. A process for formation of tclcchelic polymers comprising: 
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polymerizing one or more radically (co)polymeri2able monomers in the presence of a 

system inicially comprising: 

an initiator having one or more radically transferable atoms or groups, 

a transition metal compound that participates in a reversible redox cycle with the 

initiator, a dormant polymer chain end. a growing polymer chain end or a mixciii-c thereof 

and 

one or more 0-. or S- containing ligands which coordinate in a o-bond or a 
Tc-bond to the transition metal, or any C containing compound which can coordinate in a k- 
bond to the transition metal, 

to form a (co)polymer having a radically transferable atom or group at one terminus 
thereof: and 

reacting said fcojpolymer with at least one molar equivalent of said initiator, relative 
to the molar amount of said (co)polymer in the presence of at least a stoichiometric amount 
of a zero oxidation state transition metal to place an initiator residue at said one terminus in 
place of said radically transferable atom or group. 
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